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This thesis describes the influence of various terminal groups on electron transfer 
in both electrochemistry and molecular electronics. We tried to understand what 
functional groups will affect the electrical characteristics of the junction. With the 
study of self-assembled monolayers (SAMs) of n-alkanethiolates terminated with 
different simple functional groups, we discovered the factors that do influence the 
electron transfer through SAMs by the use of multiple techniques such as junction 
measurement, contact angle, X-ray photoelectron spectroscopy (XPS), impedance 
spectroscopy and density functional theory. We also mixed these simple non-redox 
functional alkanethiols with redox active ferrocene (Fc) to study electrochemically the 
terminal group effect using cyclic voltammetry and the charge transport through 
mixed SAMs with the “EGaIn” (eutectic gallium indium liquid metal) technique.  
Chapter 1 gives a general introduction to this thesis and Chapter 2 provides a 
literature overview of how the terminal groups influence the supramolecular structure, 
the intermolecular interactions, and interfacial properties of both single component 
and binary SAMs, the electron transfer through these SAMs can be significantly 
influence or not depending on the interfacial properties of the terminal groups. 
Chapter 3 investigated the tunneling rates of many simple functional groups based 
junctions, in which we found only halogen groups can significantly change the current 
through “EGaIn” junctions. XPS results shows all the halogen terminated SAMs have 
similar supramolecular structure, i.e. the surface coverage and the SAM thickness are 
xii 
 
indistinguishable from the n-alkanethiolated SAMs. We proved both experimentally 
and theoretically that through the variation of the polarizability of the molecule, we 
can tune both the tunneling rate and dielectric constant through SAM based junctions. 
In addition, we incorporate these non-redox functional SAMs into Fc SAM in both 
Chapter 4 and 5. The Fc SAMs have been utilized as the model system to study 
electron transfer properties, with its electrochemical behavior widely studied and the 
SC11Fc SAMs have a rectification as high as >100 in “EGaIn” junctions. In Chapter 4, 
we explored systematically the influence of intermolecular interactions and 
microenvironment around Fc created by different terminal groups on the redox 
behavior of Fc, we show that ideal or non-ideal electrochemical behavior is not the 
ultimate goal in mixed SAM. Chapter 5 describes that the ideal electrochemical 
behavior does not actually improve the rectification of SC11Fc SAM based junctions. 
Chapter 5 investigated how the concentration of Fc and the variation to the terminal 
groups of non-redox n-alkanethiols affected the charge transport through the 
monolayers. We discovered that the rectification of SC11Fc SAMs decreases 
drastically when mixed with some terminal groups functionalized alkanethiols, we 
propose that the dramatic decrease of the rectification of Fc is probably attributed to 
the electronic coupling to Fc with terminal groups. 
Based on these studies, we further understand the factor that can influence the 
tunneling rate through SAM based junctions and we are able to propose the proper 
diluent for future bulky molecules in molecular electronic studies. 
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χFc,sol for n = 9-13 at same ΓFc.c) and d): oxidation peak potential 
Epa1 and Epa2 as a function of carbon number n at same surface 








SAM SC11Fc / SCnOH. 
   
Figure 4.12 The values of Epa and Epc vs. Fc,solof mixed SAMs of a): 
SC11Fc/SC10COOH recorded at pH = 1 in 1.0 M HClO4; b): 
SC11Fc/SC10COO
-
 measured with pH = 8.41 1.0M NaClO4; c): 
SC11Fc/SC11NH3
+
 measured at pH = 1 in 1.0M HClO4; d): 
SC11Fc/SC11NH2 measured with pH = 11.17 1.0M NaClO4. 
148 
   
Figure 4.13 The AFM image of the Au
TS
 used for SAM formation. 154 
   
Figure 5.1 Left: Schematic illustration of the junctions with mixed SAMs 
of different headgroups. Right: Energy level diagrams of the 
junctions: the blue arrow indicated sequential tunneling at when 
applied negative bias and the orange arrow indicated direct 
tunneling when applied positive bias 
164 
   
Figure 5.2 a) CV of mixed SAMs SC11Fc / SC11 with χFc,sol  = 1.0, 0.95, 
0.90, 0.70, 0.50, 0.30 and 0.10, b) CV of mixed SAMs SC11Fc / 
SC11NH2 with χFc,sol  = 1.0, 0.95, 0.90, 0.50, 0.30 and 0.10, c) 
CV of mixed SAMs SC11Fc / SC11NO2 with χFc,sol  = 1.0, 0.95, 
0.90, 0.80, 0.70, 0.5 and 0.20 on Au
TS
 in 1.0 M HClO4 
electrolyte at scan rate 1.0 V/s. d) Plot of χFc,surf  as a function of 
χFc,sol for the three mixed SAM systems. The dashed line 
indicated theoretically χFc,sol = χFc,surf. The solid line is for eye 
guide. The error bars are standard derivations 
166 
   
Figure 5.3 The peak deconvolution and residual plots of the anodic peaks 
(A-G) and cathodic peaks (H-N) of mixed SAMs SC11Fc / SC11 
at χFc,sol = 0.10, 0.30, 0.50, 0.70, 0.90, 0.95, 1.00 respectively.  
168 
   
Figure 5.4 The Average log|J|-V curves of Ag
TS
-mixed SAM(SC11Fc/ 
SC11)//GaOx/EGaIn junctions and histograms of the value of R 
(R= |J(-1.0 V)|/|J(+1.0 V)|), the black lines are the Gaussian fits.  
171 
   
Figure 5.5 a) the average log10|J|(V) curves for junctions of mixed SAMs 
SC11Fc / SC11 at χFc,sol = 0, 0.10, 0.30, 0.50, 0.70, 0.90, 0.95, 1.0; 
b) Plotting of current density at +1.0 V and -1.0 V for SC11Fc /  
SC11 as the χFc,sol increases, the dashed line is for eye guide; c) 
the average log10|J|(V) curves for junctions of mixed SAMs 
SC11Fc /  SC11NH2 at χFc,sol = 0, 0.10, 0.30, 0.50, 0.90, 0.95, 
1.0; d) Plotting of current density at +1.0 V and -1.0 V for 
SC11Fc /  SC11NH2 as the χFc,sol increases, the dashed line is for 
eye guide; e) the average log10|J|(V) curves for junctions with 




0.80, 0.90, 0.95, 1.0; f) Plotting of current density for 
SC11Fc/SC11NO2 at +1.0 V and -1.0 V as the χFc,sol increases; g) 
R as a function of χFc,surf for the three mixed systems, the dashed 
dot curves are exponential fittings of the experimental points. 
   
Figure 5.6 The Average J-V curves of Ag
TS
-mixed SAM(SC11Fc / 
SC11NH2)//GaOx/EGaIn junctions and histograms of the value of 
R (R= |J(-1.0 V)|/|J(+1.0 V)|), the black lines are the Gaussian 
fits to these histograms. 
177 
   
Figure 5.7 The Average J-V curves of Ag
TS
-mixed SAM(SC11Fc / 
SC11NO2)//GaOx/EGaIn junctions and histograms of the value of 
R (R= |J(-1.0 V)|/|J(+1.0 V)|), the black lines are the Gaussian 
fits to these histograms. 
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Figure 5.8 
1
H NMR spectrum for HSC11NH2 in CDCl3 184 
   
Figure 5.9 
1
H NMR spectrum for HSC11NO2 in CDCl3 184 
   
Figure 5.10 a). The AFM image of Au
TS
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Self-assembled monolayers (SAMs) can be formed spontaneously on the 
surfaces of metals, metal oxides or semiconductors.
1-4
 In general, SAMs are 
comprised of two components, the molecules and the surfaces. The molecules 
which are able to spontaneously arrange themselves onto the surfaces contain 
an anchoring group depending on the surface properties. Gold (Au) is one of the 
mostly studied materials used as the surface to support SAMs, because gold is a 
relatively inert metal, easy to obtain and able to form good SAMs.
4
 Apart from 
gold, silver (Ag), though readily to be oxidized, is also extensively studied due 
to the fact that molecules are more standing up on silver (having smaller tilt 
angles) than SAMs on Au, leading to better electrical performances.
5
 The 
molecules that attach to these surfaces to form SAMs – thiols – are 
commercially available or readily synthesized to meet the requirements for the 
tailored applications. The main feature of the molecules is that both ends are 
functionalized. One end, defined as the anchor group, is functionalized mostly 
with thiol, which enables the chemisorption of the molecules onto gold, silver 
or other metals that are capable to form metal-thiolate bonds; the other end, 
2 









 (fluorescent) groups 
respectively. With the flexibility of the seemingly endless variation of the 
terminal groups, SAMs are widely studied for controlling and exploring the 





 molecular electronics and nano 
devices
14-17
 to biocompatible systems.
18
  
Techniques that are available for SAM characterization include contact 
angles for measuring surface wettability,
6
 ellipsometry for film thickness,
7
 
X-ray photoelectron spectroscopy (XPS) for surface density and elemental 
compositions,
6
 ultraviolet photoelectron spectroscopy (UPS) for the surface 
work function and ionization potentials,
5
 electrochemical methods for surface 
structure and coverage,
6,19
 electrical junction for charge transport 
exploration,
5,20,21
 atomic force microscopy (AFM) for surface topology,
22
 etc. 
These techniques are utilized with respect to the diverse functionalities of the 
monolayers. Chapter 2 gives a literature review about the influence of SAM 
interfaces, which is controlled by the terminal groups of single and mixed 
components SAMs, on the structure and properties of SAMs. We would like to 
summarize how the electron transfer through the SAMs with different 
interfacial properties will be affected. In the past decades, redox active SAMs 




electrochemically accessible monolayers offer a convenient way of obtaining 
information about the SAMs via cyclic voltammetry (CV). Redox-active SAMs 
of ferrocene-terminated n-alkanethiols (SCnFc) are among one of the most 
intensively studied SAMs due to its highly reversible, stable redox properties 
that have been used as the active component in studying the charge transport 
and rectification for tunneling junctions and served as a model system to study 
charge transport across immobilized redox-couples.
5,20,21,25
 As mixed SAMs is 
an important method to systematically tune the interfacial properties, Chapter 2 
also gives an overview of the study the mixed monolayers formed by SCnFc and 
non-redox alkanethiols with different termini (SCnX). 
How would the mechanism electron transport across the SAMs changes 
with the variation of the terminal groups for SAMs? Chapter 3 investigated 
many simple terminal groups which may be able to form hydrogen or ionic 
bonds, or have large dipole moments, we proved that polarizability of the 
terminal groups X could be a factor to tune the tunneling rates. The conductance 
of the SAMs with halogen terminal groups increases as the polarizability of the 
halogen increases from F to I. Impedance spectroscopy (IS) measurement 
showed that the monolayer itself contributes to the increase in conductance 
rather than the interface of SAM//top electrode, and theoretical calculations 
showed that the HOMO-LUMO gap decreases from F to I, which is consistent 
with experimental results. However, except the halogen groups, other simple 
4 
terminal groups do not significantly influence the tunneling rates. 
When SCnX (X is mainly simple functional groups) is mixed with redox 
SAMs, the electrochemical behavior of the redox moiety is influenced. 
Ferrocene (Fc) is one of the mostly studied redox groups due to its stable 
reversibility between Fc and Fc
+
 and the synthetic availability. Wet 
electrochemical study of Fc SAMs encounters difficulty in the interpretation of 
voltammetry like peak broadening,
26





 namely non-ideal behavior. Redox moieties in these SAMs 
interact with each other, we found than when diluting these SAMs with redox 
inactive molecules, though the interactions between the redox moieties are 
interrupted, the interactions between Fc and X still influence the 
electrochemical response of Fc. Therefore, in Chapter 4, we explored 
systematically the influence of different terminal groups of non-redox 
components as well as the chain length of alkanethiols and hydroxyalkanethiols 
on the electrochemical behavior of ferrocene moiety and the structure of the 
mixed SAMs. We found that the interactions of Fc and X may contribute to the 
ideal electrochemical behavior of Fc even at higher surface coverage.  
 In addition to the wet electrochemistry study, charge transport through 
simple redox monolayers has been attractive to researchers since the discovery 
of diode property of ferrocene undecanethiol SAM.
5,14,20,21
 Large rectification 
of currents (R ≈ 100, R = |J(-1.0V)|/|J(+1.0V)|) is obtained for SAMs of 
5 
ferrocene undecanethiol with template stripped silver (Ag
TS
) as the bottom 
electrode and eutectic gallium indium liquid metal (Ga2O3/EGaIn) as the top 
electrode. Based on the electrochemistry study of mixed SAMs, in Chapter 5 we 
would like to investigate how the concentration of the active component 
ferrocene, the structure of the mixed SAMs and the terminal group of 
alkanethiol would affect the charge transport through the monolayers. With the 
knowledge of Chapter 4 and Chapter 5, we are able to propose the suitable 
diluent for future charge transport studies of bulky SAMs, which is very 
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Influence of SAM Interfacial Properties on 




Self-assembled monolayers (SAMs) have been extensively explored as 
model systems for the study of wetting and adhesion properties,
1-6
 as well as 
interfacial physical and chemical properties.
7-14
 Self-assembled systems 
include alkyltrichlorosilanes on glass, ITO (indium tin oxide) or silicon,
15,16
 
carboxylic acids on metal oxides,
17,18
 organosulfur compounds on metals like 
gold, silver or platinum,
7,19,20
 in which thiols are one kind of the mostly used 
precursors. The SAMs on novel metals are composed of the anchoring sulfur 
group, spacer group and head (or terminal) functional group (see Fig. 2.1). The 
synthetic chemistry offers various possibilities of the head group 
functionalization and enables SAM to have numerous properties.
7
 The 
interfacial properties of the monolayer are important for many applications, 
and are mainly controlled by the terminal groups of the molecules.
21,22
 The 
terminal groups can be simple groups like -CH3, -OH, -Br, etc.,
20,23
 or redox 











 groups. Even with one atom change at the end of molecules, 
the macroscopic properties like wettability, corrosion, adhesion of the 
monolayer are dramatically altered.
19,20
 Since the interfacial properties of 
SAMs are controlled largely by the terminal groups of molecules, here comes 
the question: how does the change of interface properties influence the 
electron transfer through SAMs? 
9 
 
There are mainly two common methods to vary the interface of SAMs 
(see Fig. 2.1): one way is through synthetic process, where the terminal group 
X is varied. The thiol molecules are designed according to the different 
properties of functional groups that are intended for further applications. 
Another way is through mixed SAMs, where two or more different 
components (molecules) are mixed. By simply varying the relative ratio of the 
components, or the termini of one of the components, the interfacial properties 
of the monolayer are tuned accordingly. This method gives greater variation to 
the interface than the first method using single component, and allows 




Figure 2.1. Schematic illustration of an ideal typical (pure) SAM (left) and mixed SAM (right) 
on a metal surface (Au), the common compositions of the SAMs (head groups, spacer, 
anchoring groups) are listed, and the intermolecular interactions possibly exist are also 
indicated by the arrow. X and Y are the terminal groups which are different from each other.  
 
When terminal groups X of the molecules or components of mixed SAMs 
are changed, the structure of the SAM may change as a consequence. 
10 
 
Fundamentally, the variation of X changes the intermolecular interactions 
which are part of the driving forces for the supramolecular structure of the 
monolayer. As shown in Fig. 2.1, for single component n-alkylthiolate derived 
SAMs—SCnX SAMs, when X = CH3, the intermolecular interactions are 
mainly chain-chain van der Waals (vdWs) forces, when X = OH, in addition to 
the vdWs forces, hydrogen bonding also contributes to the monolayer 
structure. Other intermolecular interactions like dipole-dipole interactions, 
electrostatic interactions, etc. may be present in the monolayer depending on 
the functionality of X. From a macroscopic perspective, the interfacial 
properties of the SAMs are varied with respect to the functionality of X and 
consequently the charge transport property and electrochemical behavior of 
SAMs are influenced.  
The electron transfer through the SAMs is fundamentally important in 
molecular electronics and electrochemistry. In molecular electronics, 
understanding how the monolayer structure and composition influences the 
charge transport through electrode-SAM-electrode system is challenging due 
to the complexity of such a system. The variation of terminal group X will 
probably also affect the interface between SAM//top electrode, which further 
complicates the charge transport studies. Many researchers have tried to 
explore a wide range of terminal groups X in SAM based junctions, e.g., 




, etc. can induce 
11 
 
rectification; replacement of CH3 with Br may change a rectifying junction to 
symmetric;
32
 change of CH3 to high dipole moment groups like CN, OH, etc. 
do not significantly influence the tunneling rates (at least in so-called EGaIn 
junctions).
33
 Although all these investigations are not conducted with the same 
electrodes or similar molecular structures, they give fundamental insight in 
how to further molecular design and hypotheses for relating molecular 
structure to electronic properties. 
The electrochemical studies involving thin layers of organic materials 
with the thickness of one molecule seem to be a good platform to improve our 
understanding of charge transport across organic matter, and this technique is 
widely used to study redox active SAMs.
24,25
 The incorporation of non-redox 
SAMs into redox SAMs (resulting in mixed SAMs) provides convenient and 
systematic control over interface properties. However, the electrochemical 
behavior of redox SAMs is influenced by the non-redox SAMs and non-ideal 
redox behavior may appear.
24
 With the information given by cyclic 
voltammetry (CV), it is possible to relate the redox peaks to the mixed SAM 
structure and intermolecular interactions in the mixed SAMs.    
Here, to probe into the interfacial properties of SAMs, the fundamental 
structures need to be understood. We first focused on the supramolecular 
structure of SCnX SAMs with the variation of X, and the electron transfer 
through SAMs is influenced by different interfacial properties. Then we 
12 
 
introduced the proposed models for mixed SAM structure based on 
experimental studies, as well as possible observations and explanations for the 
redox behavior and electron transfer of mixed SAMs when X is varied. 
 
2.2 Role of terminal groups 
2.2.1 Supramolecular structural study 
2.2.1.1 Alkanethiols 
Monolayers derived from n-alkyl thiols (SCn SAMs) have been 
extensively studied due to its simplicity and commercial availability. Porter et 
al.
19
 studied the length effect of SCn on the coverage, chain orientation and 
order of SAMs by ellipsometry, infrared (IR) spectroscopy and 
electrochemistry, and they found that for n ≥ 9, the SAMs are densely packed 
with alkyl chains fully extended in all-trans conformation with 20-30 tilted 
from surface normal, while for n < 9, the SAMs are less ordered with lower 
coverage and packing density.
19
 Ulman et al.
34
 did preliminary calculations of 
the packing and orientation of SCn SAMs on gold (Au), and suggested that 
hexagonal close-packed arrangement for the molecules with S∙∙∙S spacing of 
4.97 Å, chain∙∙∙chain spacing of 4.24 Å and tilt angle of 30 so as to maximize 
the van der Waals interaction and minimize the structural free energy.
34
 
Chidsey et al. proposed the hexangonal packing with overlayer of (   
        on gold,24 and (             structure on silver (Ag) with S∙∙∙S 
13 
 




2.2.1.2 Substituted alkanethiol derivatives 
For alkanethiol derivatives SCnX, terminal group X determines the 
interface properties of SAMs. When the terminal CH3 for SCn is replaced with 
various simple functionalized X groups, does the molecular conformation, 
total surface coverage and intermolecular interactions change? When the 
molecules terminated with –SH at one end, and –X at the other end are used to 
form monolayer on gold, -SH would strongly prefer to bind to gold through 
thiolate bond compared to –X group due the strong binding energy of Au-S 
(~50 kcal/mol).
7,20
 Bain et al. studied the following terminal groups: X = CF3, 
C=CH2, C(CH3)3, Br, Cl, OCH3, SCOCH3, CO2CH3, CN, OH, COOH, and 
found that these terminal groups are not large enough to disrupt the ordered 
packing of alkyl chains as long as the chain length is long (n ≥ 10 in this 
paper).
20
 Nuzzo et al. studied SC15X SAMs, where X = CH3, CH2OH, CO2H, 
CO2CH3 and CONH2, through infrared spectroscopy (IR), X-ray photoelectron 
spectroscopy (XPS), ellipsometry and temperature programmed desorption 
(TPD), also found that these terminal groups have little effect on the 
monolayer structure of alkyl chains part but IR spectra did show that some 
perturbations in the signal originated from the terminal groups.
36
 Chidsey et 
al.
23
 studied the defectiveness and permeability of SCnX SAMs, with X = CF3, 
14 
 
CH3, OH, CN, and COOH, with electrochemical capacitance measurement, 
and found the permittivity from low to high is CF3 < CH3 < OH < CN < 
COOH, furthermore, IR spectra indicated that the tilt angles for other terminal 
groups were slightly higher than CH3 terminated. All these studies show that 
when X groups were simple functional groups, the structure of the monolayer 
is not significantly influenced as long as the hydrocarbon chains are long 
enough.      
 
2.2.1.3 Redox terminated thiols 
There are many redox groups like ferrocene (Fc), viologen, ruthenium, 
etc., of which Fc is the most frequently studied.
37
 The one electron transfer 
redox reaction between Fc and Fc
+
 is highly reversible even at ambient 
atmosphere.
37
 With the development of chemical synthesis, thiol molecules 
terminated with Fc are designed and self-assembled onto substrates. SAMs of 
ferrocene alkanethiolates (SCnFc) are considered as a model system for many 
physical and organic studies.
24,37,38
 Theoretically, SCnFc SAMs adapts the 
(             structure. However, the packing structure of SCnFc was 
influenced by the length of the molecule due to the size mismatch between Fc 
and Cn, the roughness of the substrates, the purity of the compound, the 
temperature for SAM growth, etc..
24,39
 These factors complicate the SAM 
structure of SCnFc. Scanning tunneling microscopy (STM) studies of SC3Fc 
15 
 
and SC4Fc in Fig. 2.2A shows that SC3Fc is more laying down to substrate (α 
= 60, α is the tilt of Fc with respect to surface normal) while SC4Fc is 
orientated more perpendicular to surface (α = 45).40 Cyclic voltammetry (CV) 
of SC11Fc SAMs on gold with different roughness shows different 
electrochemical behavior—redox peaks become broader, or multipeaks appear, 




Figure 2.2. a) Proposed models for the packing structure of SC3Fc and SC4Fc on gold, Fc 
groups in SC3Fc SAMs pack edge to face, Fc groups in SC4Fc SAMs are more upright.
40
 b) CV 
of SC11Fc SAMs on gold with different roughness, from top down are mechanically polished 
gold disc electrode, annealed Au bead electrode, and evaporated gold film on glass respectively. 
The CVs were measured with 1.0 M HClO4 as electrolyte at a scan rate of 50 mV/s.
39
 Reprinted 
with permission: a) 2014, American Chemical Society. b) 2013, American Chemical Society. 
  
2.2.2 Intermolecular interactions 
Fundamentally, chemical and physical interactions control the SAM 
formation and structure. Interactions that are related to the orientation, packing 
density of the molecules onto surface include bonding interaction (e.g. Au-S 
16 
 
covalent bond, ~168 kJ/mol) and intermolecular interactions between 
neighboring molecules.
19
 The SAM structure is a balance of all the 
interactions between adjacent molecules and bonding of molecules with 
substrates. Intermolecular interactions are also called non-covalent interactions, 
they are weak individually, the enthalpy is around 1-10 kcal/mol, but the 
cumulative molecular interactions are of significance.
41
 Intermolecular 
interactions for SAMs involve van der Waals interaction, hydrogen bonding, 
electrostatic interactions, etc.. Below we will investigate how the SAMs are 
affected by these interactions.    
 
2.2.2.1 Van der Waals interaction 
The adsorption of n-alkylthiols onto noble metals such as gold, silver or 
platinum has been used as a model system for the SAM study. The interactions 
between alkanethiols are dominated by short range van der Waals (vdW) 
interactions, which provide most of the packing forces for SCn SAMs and 
determine the structure of SCn SAMs.
34
 The longer the alkyl chain is, the 
stronger the vdW interactions for molecular packing, i.e., the SAM with 
longer chain is thermodynamically more stable than short chain.
42
 In order to 
maximize the attractive vdW interaction between CH2, alkyl chains need to tilt 
(~30
o
 on Au) and adopt a fully extended all-trans configuration so as to obtain 
optimal interaction and lower free energy of the structure.
19
 VdW interactions 
17 
 
contribute 4-8 kJ/mol/CH2 to the total stabilization of the SAM.
7,9
 Fokkink et 
al studied electrochemically SC11X monolayers on gold, with X = CH3, OH, 
CN and Cl, and pointed out that when X is relatively small such as X = NH2 or 
OH, vdW interactions dominate to form the SAM structure, when the size of 
terminal X group is larger than the vdW distance between alkyl chains (e.g. X 
= COOH, Fc), the packing density and order will change.  
 The strength of vdW interactions determined by temperature 
programmed desorption (TPD) for the stabilization of SCn SAMs is ~0.8 
kcal/mol between CH2 groups.
36
 As long as vdW interactions between the 
alkyl chains dominate the intermolecular interactions, the monolayer layer 
structure is not significantly affected.
43
 The odd-even effect of SCnFc 
demonstrates that odd carbon chain length has a lower packing energy of 




2.2.2.2 Hydrogen bond 
Extensive studies of SCn SAMs on noble substrates have established a 
rather complete picture of the SAM structure with alkyl chains interacting 
with vdW forces. However, when functional groups are introduced, it will 
become more complicated.  In addition to vdW interactions that are present 
in SCn containing SAMs, hydrogen bond (H-bond) is another interaction that 
may stabilize the SAMs. H-bond is highly directional and effective only over a 
18 
 
short range, which exists if the distance between a donor (e.g., H) and an 
acceptor (e.g., O) is less than 2.6 Å.
45
 Wettability of the monolayer is 
determined by the outmost structure of a few angstroms. Bain et al. shows that 
due to the hydrogen bonding, water can detect the ether group down to ~5 Å 
from the surface, while hexanedecane is only sensitive to ~2 Å beneath the 
surface.
46
 In mixed SAMs with CH3 / OH termini, the energy required to 
isolate OH in nonpolar environment of SCn is comparable to the strength of 
H-bond, which is ~5 kcal/mol for OH group. Wettability measurement of 
SCnOH and SCnCOOH on gold suggests that water interacts stronger on 
COOH surface than OH, the strength of H-bond of water to COOH is ~2.4 
kcal/mol stronger than OH
47
 and the total bonding energy for O-HO=C is 
reported to be ~7.5 kcal/mol.
48
 Fig. 2.3 suggests that –COOH terminal leaves 
OH group on the surface, and IR (infrared) measurement of 1718 cm
-1
 
absorption corresponds to hydrogen bonded C=O,
36
 and this is consistent with 




Figure 2.3. Schematic of the tilted structure of SCnCOOH on a surface with exposed OH group 
groups.
36




Most of the reports use IR to show the evidence of H-bonding. Clegg et 
al.
49-51
 synthesized amide containing (-C=O-NH) thiols (see Fig. 2.4) and 
found that the SAM exhibited enhanced stability against thermal desorption 
and IR spectra of the amide stretching and bending modes proves the existence 
of H-bond and the N-H-O hydrogen bond is ~3-5 kcal/mol.
52
 Hydrogen 
bonding between tail groups of OH or COOH significantly stabilize the SAM, 
Cooper et al.
53
 suggested H-bond contributed at least ~7.2 kcal/mol for COOH 
SAMs, which is equivalent to the vdW stabilization of nine CH2 groups.  
It is known that fluoride ion can form the strongest H-bond, [F—H—F]-, 
Graupe et al.
54
 studied the degree of H-bond for fluorocarbon and water by 
wetting property, and found that for CF3 terminated SAMs (of semi fluorinated 
SAMs of the form S(CH2)n(CF2)mCF3, n = 15-12, m = 0-3), dipole-dipole 
interaction rather than the H-bond dominates the interfacial properties. Sek et 
al.
55
 demonstrated that for mixed SAMs, H-bond may contribute to the 







Figure 2.4. a) ideal view of the structure of the amide containing SAMs.
49
 b) and c) idealized 
structure of SAMs on Au with different position of the amide linker.
51
 The dots represent the 
proposed hydrogen bonding between the molecules. Reprinted with permission: a) 1996, 
American Chemical Society. b) and c) 1998, American Chemical Society. 
 
When the terminal group is able to form hydrogen bond, the packing 
structure of the monolayer is reported to be different from the SCn SAMs as 
determined by STM,
56,57
 even though they adopt the same (             
base lattice as SCn SAMs (that is the sulfur atom packing on the gold does not 
change). The size of the terminal groups as well as the intermolecular 
interactions will finally determine the monolayer structure. As shown in Fig. 
2.5, Esplandi  et al.
57
 observed a stripped structure from the in-situ STM 







Figure 2.5. a) and c). In situ STM of SC2OH SAMs in H2SO4 at 0.3 V vs SCE, two different 
structures with different coverage are observed, and b) and d) are the respective proposed 
models for SC2OH structure.
57
 Reprinted with permission: a) 2001, American Chemical 
Society. 
 
2.2.2.3 Dipole-dipole interaction 
When the terminal groups have a dipole, dipole-dipole interactions exist 
in the monolayer. Due to the directionality of the dipoles, the tile angle of the 
monolayer may be changed so as to achieve the maximum lateral interactions 
for both types of van der waals interactions between alkyl chains and 
dipole-dipole interaction between terminal groups. For example, SCnX SAMs 
with X = CF3, an oriented dipole at the end of the SAM (interfacial), the 
physical properties will be significantly different from X = CH3. The work 
function is influenced by different terminal groups.
58
 When the dipole 
22 
 
direction is pointing away from the substrate, work function will decrease 
which is shown in Fig. 2.6b, however, when the dipole direction is pointing to 
the substrate, work function will increase as it becomes more difficult for 
electrons to escape from surface which is shown in Fig. 2.6c.
58
 Except for the 
work function, dipole of the surface also affects the contact angle. According 
to Fowke’s method,59 the surface energy can be divided into the dispersive 
component and the polar component. When the dipole of the terminal group 
increases, the polar component of the surface energy increases which changes 




Figure 2.6. Energy level diagram for SAMs with different direction of dipole. The relative 
position of the work function of the metal (M) and HOMO-LUMO levels are indicated, +/- 
represent the direction of the dipole moment for the SAM interface. a) untreated surface; b) 
alkyl SAMs (direction toward substrate) which lowers the electron injection barrier (e); c) 
fluorinated SAMs (direction away from the substrate) which lowers the hole injection barrie 
(h).
58




 reported depolarization phenomena in SAMs, where 
23 
 
they concluded that for molecules having both terminal and head dipoles, the 
depolarization depends on the decoupling between the intramolecular dipoles. 
 
2.2.2.4 Electrostatic interaction 
Electrostatic interactions mainly exist between charged monolayers, with 




. The interactions can be attractive or 
repulsive depending on their charges. The structural studies related to the 
SAMs directly formed from the ionic molecules are not much, since in most 
cases, the monolayers are formed from neutral SAMs and later ionized. In 
most cases, when electron transfers through the monolayer, the SAM may be 





2.2.3 The effect of X on tunneling rates 
One of the applications of SAMs is in molecular electronics where the 
electronic properties of the device can be tuned at molecular scale.
63-66
 
However, it is difficult to predict the electrical performances of the SAMs 
when molecular junctions are formed. The charge transfer rate across 
metal-SAM-metal junctions is complicated by the interface between 
metal-SAM and the SAM itself. Therefore, many studies are dedicated to 
investigate the effect of metal (or electrodes), the interfaces and molecules. 
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The electrodes can be evaporated metal, polymer based (PEDOT:PSS), 
graphene protected, or liquid metal mercury and eutectic gallium indium 
(EGaIn), all have their advantages and shortcomings. Although the molecules 
are mostly synthetically obtained, and the functionality changed, the difficult 
part is how does this change of the functionality of the molecules affect the 
tunneling rates and is the SAM—electrode interface also affected with the 
change of functionality. To unveil these problems, various studies have been 
conducted. Sayed et al.
67
 studied molecular junctions using “click” chemistry 
and a wide range of molecule--alkane, aromatic and redox molecules--were 
measured. Fig. 2.7a shows the junction setup used for the characterization of 
tunneling rates, Fig. 2.7b shows that the current density (J) for many different 
chemical groups does not deviate from linear least squares fit to the alkyl 
groups, indicating the molecules studied in this system do not vary the 
effective tunneling barrier height. While Cahen et al.
32
 studied the 
metal/monolayer/semiconductor junction as shown in Fig. 2.7c, and they 
varied substitution of styrene from H to CH3 and Br, with the J(V) curve 
shown in Fig. 2.7d, where the junction changes from rectifying to symmetric 
behavior, with 8 orders of magnitude increase in negative bias for Br 
compared to CH3 termini. The significant change is attributed to molecular 
dipole and the interface (the depletion layer of the Si is very sensitive to the 







Figure 2.7. a) Schematic of the junction, methylferrocene (MeFc) is added by “click” method. b) 
Overlay of selected attenuation plots for different molecules in the junction. Solid lines are the 
least squares fits for the results.
67
 c) Schematic illustration of the junction, with Hg and Si as the 
top and bottom electrode. d) Current density as a function of the voltage applied on Hg, with 
terminal group changes from CH3 to Br, ect.
32
 Reprinted with permission: a) and b) 2013, 
American Chemical Society. c) and d) 2013, John Wiley and Sons.   
 
The use of EGaIn as the top electrode for molecular junctions is one 
technique which is new and becomes widely used and studied in recent 
years.
68-71
 EGaIn is a non-Newtonian liquid metal covered with native oxide 
layer (GaOx, ~0.7 nm).
71
 The EGaIn technique enables the collection of large 
statistical data, with high yield and stability,
30,72
 with the performance of the 
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electrical properties of junctions comparable or sometimes even better than 
other methods. Many groups have published the observation of changes in 
electrical property for even subtle changes in molecule structure. For example, 
odd-even effects in tunneling rates have been observed for SCnX SAMs, 




 or aromatic ring.
74
 Fig. 2.8a shows the 
schematic of the junction used for the odd-even study, and Fig. 2.8b shows 
odd and even numbers of alkylthiolates have different values of tunneling 
decay constant (, in nC
-1
). Besides, rectification has also been reported for 
only several terminal groups. Fig. 2.8c shows the junction 
Ag
TS
-SCnFc//GaOx/EGaIn, which has a rectification R ≈ 1  10
2
 for n = 11, as 
shown in Fig. 2.8d, where comparison between SC10Fc (R ≈ 17) and SC11Fc 





 can also induce rectification, however, with 
lower values. Fracasso et al. reported that for an oligo(phenylene) based 
SAMs in EGaIn junctions, with the substitution of C-H with N at the terminal 
phenyl ring, transition voltage (Vtrans) decreases ~0.3 V.
76
 Liao et al. 
investigated the substitution of H with F in SCn SAMs, where they observed 
that perfluorinated groups gives lower current density -- a factor of 20-30 
compared with hydrocarbons.
77
 All these results show that EGaIn based 
tunneling junctions are sensitive enough to study how subtle changes in 




          
 
 
Figure 2.8. a) A schematic picture of the Ag
TS
-SCn//GaOx/EGaIn junction. b) Current density J 
as a function of carbon number n of the alkylthiols.
73
 c) Schematic illustration of junction 
Ag
TS
-SCnFc//GaOx/EGaIn. d) J(V) curve for SC10Fc (red) and SC11Fc (black) based junctions.
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Reprinted with permission: a) and b) 2011, American Chemical Society. c) and d) 2013, Natural 
Publishing Group. 
 
However, on the other hand, changes in monolayer structure do not 
always lead to differences in tunneling rates. Whitesides’ group investigated a 
broad range of terminal groups in EGaIn based junctions, the terminal groups 






 The tunneling 
rates were found to be insensitive to all these terminal groups, and as shown in 
Fig. 2.9, the current density did not follow any trend with the dipole moment 
of terminal groups.
33
 Kong et al. recently published the effect of halogen 
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substitution for aromatic thiols, where they found that the tunneling rate is not 
influenced by the change in dipole moment and polarizability of the 
molecules.
79
 However, what has not been studied is the interface between the 
top electrode//SAM. The interface between SAM//GaOx/EGaIn is mainly 
dominated by van der Waals interactions,
80
 which are difficult to measure. 
Therefore, in most studies, alkylthiols are used as control experiments for 
other terminal groups study. Sangeeth et al. reported the measurement of 
impedance of the junction and used a simple equivalent circuit to model the 
contribution of each component in junctions, i.e., the contact resistance of top 
electrode//SAM and bottom-SAM electrode (RC), SAM resistance (RSAM) and 
SAM capacitance (CSAM).
81
 With the ability to measure RC, the strength of van 
der Waals interactions of SAM—top electrode interface can be estimated, and 
perhaps this method can promote the understanding of interface between 
SAM//electrode, relate the properties of terminal groups to RC and facilitate 
future predictions of the influence of SAM structure on tunneling rates for 





Figure 2.9. Left: Schematic of the junction, with Ga2O3/EGaIn and silver as the top and bottom 
electrode, T as the variable of terminal groups for the monolayer. Right: Plot of the difference in 
log|J| ( = log|JT| - log|JCH3|) as a function of the dipole moment of different terminal groups T.
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Reprinted with permission: 2014, American Chemical Society. 
 
2.3 Mixed SAMs 
Monolayers formed from two or more thiols are defined as mixed SAMs, 
it enables the control of surface structure and property in nanoscale with 
simply the change of ratio between the mixed components.
82-86
 The more 
components in the mixed system, the more complicate the system will be, and, 
therefore, the mix of two components is the most commonly studied (so-called 
binary SAMs). In section 2.2, we showed that with slight change or even one 
atom of the terminal group for monolayer, its electrical properties may be 
changed. In this section, we would like to review how the electrochemical 
behavior and the charge transport property are influenced when the interfacial 
properties are systematically changed. Below we first introduce some basic 
knowledge related to mixed SAMs. 
There are several methods to prepare or obtain mixed SAMs, such as 
30 
 
co-adsorption of the two components,
87
 subsequent immersion (exchange) of 
two different components,
88
 or electrochemical controlled adsorption and 
desorption,
89
 with the first two most commonly used. Fig. 2.10 shows the 
preparation of co-adsorption of the mixed SAM from solution.
8
 With the 
introduction of different terminal groups into mixed SAM, the interface of the 
surface is changed. In addition, with mixed SAMs, polyfunctional surfaces can 
be generated. In the following subsections, we will review how the mixed 
SAM structure, intermolecular interactions, interfacial properties, 





Figure 2.10. SAMs formed by simply immersing a substrate into mixed solution, 
intermolecular interaction between alkyl groups and terminal groups are also indicated.
8
 







2.3.1 SAM Characterization 
2.3.1.1 Non-redox active mixed SAMs 
There are mainly two aspects to think about mixed SAM: whether the 
surface composition equals the solution composition for the two components 
and whether the two components are phase segregated or randomly dispersed, 
i.e., the SAM structure.
21
 Bain et al. studied the co-adsorption of SC11OH, 
SC11Br or SC10COOH with SC11 from ethanol to gold surface through contact 
angle and XPS measurement, 
87
 as indicated in Fig. 2.11b, concluded that for 
the components with same length, mixed SAM are well packed, but the 
compositions of the surface and solution are not the same. In addition, 
co-adsorption of -OH and –COOH with –CH3 is less preferred than –CH3, 
probably due to the solubility difference in ethanol, or due to some specific 
interactions of the SAM precursors. 
87
 The intermolecular interactions for –Br 
are mainly dominated by dispersion forces, whereas for –OH and –COOH are 
dominated by polar interactions and hydrogen bonding. This is apparent in the 
wettability as the contact angle θ is linearly dependent on surface composition 
for -Br, while it is non-linearly dependent for –OH and –COOH mixed SAMs 








Figure 2.11. a) Comparison of the receding contact angle θa of water and hexadecane as a 
function of surface concentration of polar terminal groups      
 . b) plot of surface 
concentration      
  as a function of solution concentration     
  for polar groups,-Br (square), 
-COOH (circle) and -OH (triangle).
87
 Reprinted with permission: 1988, American Chemical 
Society. 
 
2.3.1.2 Non-redox mixed SAM length dependence  
It is also possible to control the surface disorder by varying the relative 





 and as shown in Fig. 2.12a, the inner part of the mixed SAM is 
densely packed, while the outer part containing excess chain length has 




Figure 2.12. a) Schematic illustration of mixed monolayer SC19OH / SC11OH. b) advancing CA 
a and monolayer thickness measured by ellipsometry as a function of the relative ratio of 
SC11OH and SC19OH in solution.
21
 Reprinted with permission: 1989, John Wiley and Sons.  
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This disorder can also be proved by CA measurements as shown in Fig. 
2.12b. CA reaches a maximum during the variation of solution composition 
which is evidence for exposed non-polar methylene group to the surface 
indicating disorder. However, this disorder happens when the length difference 
(∆n, where n the number of carbons) between the two components is 8-10 
hydrocarbons large as in above cases. When ∆n is small, disorder as indication 
in Fig. 2.12a does not occur.  
 
2.3.2 Redox active mixed SAMs 
Redox active mixed SAMs are the mostly studied topic for mixed SAMs. 







 the SAM becomes redox active, and 
electrochemical techniques like cyclic voltammetry (CV) are used to 
investigate and improve our understanding of the charge transport through thin 
films. The redox chemistry of Fc SAMs is widely studied mainly because of 
the stable and reversible one electron transfer redox reactions—Fc to Fc+ and 
the fairly easiness of the synthesis of Fc derivatives. Therefore, in the past few 
decades, Fc SAMs have been intensively studied, and below we will first 
introduce the non-ideal electrochemistry behavior of Fc SAMs and then 
discuss the effect of coadsorption of non-redox active (SCn or SCnX) 
molecules with Fc derivatives. 
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2.3.2.1 Non ideal behavior 
CV characteristics for ideal reversible behavior of redox species on 
surface are summarized as follows (Fig. 2.13a):
37,96,97
 i) anodic peak potential 
(Epa) and cathodic peak potential (Epc) all have the same shape and are 
symmetric; ii) peak separation (ΔEp) is 0, where ΔEp is the difference between 
Epa and Epc; iii) Efwhm = 3.53 RT / nF = 90.6/n mV (25 
o
C), where Efwhm is the 





, T refers to temperature in kelvin, n equals to the number of 
electrons transferred in the redox reaction and F is the faraday constant, 
9.6485 104 C/mol; iv) Ipa / Ipc = 1, which is independent of scan rate ʋ and Ip 




Figure 2.13. Ideal CV behavior for redox active SAMs, Epa, Epc are the anodic and cathodic 
peak potentials, ip is the peak current, Q is the charge density calculated from the integration of 
the peak.
37
 Reprinted with permission: 2010, Elsevier.  
 
Therefore, the electrochemical behavior that does not follow any of the 
above conditions is called non-ideal behavior, which are mainly observed as: i) 
peak splitting or the appearance of shoulders,
98-101
 which is the split of a single 
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redox peak into multi-peaks or the appearance of small shoulder peaks beside 
the main peak; ii) peak broadening,
24,102,103
 which refers to Efwhm of the peak 
larger than theoretical 90.6 mV; and iii) the loss of peak asymmetry,
96,98,104,105
 
which indicates nonzero values of ΔEp. The origins of these non-ideal 
behaviors are difficult to interpret and understand. Currently many models 
have been proposed to explain the origin of non-ideal electrochemical 
behavior but to date no consensus has been reached.  
In general, the non-ideal behavior is attributed to both “intrinsic” and 
“extrinsic” causes. The “extrinsic” causes include the purity of the precursor 
for forming SAMs,
106
 the quality of substrates,
107
 the temperature, SAM 
formation time, etc. All these factors can be controlled with careful 
experimental design, and is not in the scope of this review. “Intrinsic” causes 
are factors originated from SAM itself, such as intermolecular 
interactions;
108,109
 we would like to discuss how the “intrinsic” causes affect 
the electrochemical responses of Fc in more detail.  
 
2.3.2.2 Chain length effect 
Creager et al. performed a detailed investigation into Fc related mixed 
SAMs and tried to explain the non-ideality observed from the 
CVs.
98-100,104,108,110-115
 They formed mixed SAM of SC6Fc / SCn, with n = 4-10, 
Fig. 2.14a shows that as n increases from 4 to 12, the redox potential shifts 
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positive, and it is due to the more alkane-like environment as n increases, 
which destabilizes Fc
+
 compared to Fc. Fig. 2.14b shows that the surface 
coverage of Fc (ΓFc) of mixed SAM SC6Fc / SCn vs. mole fractions of Fc in 
solution (Fc) derivate from the ideal statistical adsorption (dashed line). The 
ideal line is obtained by assuming that the relative interactions of the mixed 
components with surface and on surface are similar to the ones in solution.
87,98
 
Fig. 2.14b also shows that when n = 6, which has the same hydrocarbon length 
as SC6Fc, the experimental line is the most close to the ideal adsorption line, 
and n lower or higher than 6 resulted in different adsorption process indicated 
by the shapes of the lines for ΓFc vs. Fc. Longer chain lengths in the mixed 
systems are preferably adsorbed, which is consistent with conclusions of 
non-redox active mixed systems. 
24,87,98
 However, this preference is not clearly 
explained and it may be ascribed to relative intermolecular interactions and 
whether it is under thermodynamic control or kinetic control is not clear yet. 
In a separate paper, Creager et al. tried to study solvation properties and 
double layer effects in relation to the to the relative adsorption rates of the 
SAM precursors.
58,69
 They explained that when ethanol was used as the 
solvent, the longer chain adsorbate is less soluble in ethanol compared with 
shorter length, thus during SAM formation, the longer chain component tend 
to adsorb to the substrate faster than the short length component. This 
explanation applies to the mixed SAMs in certain cases, but cannot be used to 
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explain all mixed systems. Fig. 2.14c shows the CV shapes for SC6Fc / SC6 at 
medium ΓFc. Multi-peaks are observed compared with Fig. 2.14a which was 
recorded at low coverage. The appearance of multi-peaks is an indication of 
non-ideal redox behavior, and many attempts have been conducted to explain 
the origin for the non-ideality, such as the double layer effect,
102,112,116
 the 
structural disorder due to the bulky head group or mismatch in size,
103,110
 the 
“isolated” and “clustered” structure model,62 etc. We will explain these factors 





Figure 2.14. a) CV of mixed SAM SC6Fc / SCn, where n = 4, 6, 8, 10, 12, at scan rate of 100 




. b) Fc 
surface coverage vs. mole fraction of Fc in mixed solution, for mixed SAM of SC6Fc / SCn, 
where n = 4, 6, 8, 10. The coverage is obtained by integration of the CV peaks, the dashed line is 
Fc coverage expected for ideal statistical adsorptions. c) CV of mixed SAM SC6Fc / SC6, at scan 






 Reprinted with 
permission: 1991, American Chemical Society. 
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2.3.2.3  Terminal and linking group effect 
Except that the electrochemical behavior (the peak potential, the peak 
shapes, etc.) of Fc is varied as a function of the relative chain length of the 
coadsorbates, Creager et al. also found that the formal potential (E, E = (Epa 
+ Epc)/2) of Fc mixed SAMs also varies as a function of the terminal groups of 
the non-redox active alkanethiols.
112
 Table 2.1 shows the effect of chemical 
functionality of alkanethiols on E for SC6Fc / SCnX, where X = CH3, COOH, 
OH, CN and Br. All the mixed monolayers have higher redox potential than 
the HOC4Fc in aqueous solution, with X = COOH has the nearest E values.
112
 
The variation of E is explained by the double layer effects caused by the 
different polarity of X. We will explain the double layer effect in detail later.  
 




















+ 0.27 + 0.11 
 
+ 0.46 + 0.30 
 
+ 0.32 + 0.16 
 
+ 0.20 + 0.04 
 
+ 0.38 + 0.22 
a
All of the E is taken from the CV graphs at scan rate of 100 mV/s. bAll the monolayers have 






E in solution at concentration of 2.0  10-5 M.112 
Reprinted with permission: 1997, Elsevier. 
 
Auletta et al. studied the coadsorption of SC16Fc / SC11OH as a function 
of Fc,
105
 and found that the Epa and Epc increase as Fc increases. Auletta 
attributed the increase in Ep to the increasing interaction between Fc when Fc 
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increases, which is partially true when Ep trend obtained in SCnFc/SCn mixed 
systems is ignored. Auletta also proposed that the positive increase in Ep is an 
indication of phase segregation.  However, as Fc increases, it is obvious that 
more Fc will interact with each other and it is not because of phase segregation 
that peak splitting occurs as broadening of the CV peaks is also observed in 
mixed SAM SC16Fc / SC11OH has been attributed to the inhomogeneity 
around Fc units.  
There are also studies where the effect of the linking group between the 
redox group and alkyl chain is studied. Chidsey et al. compared the 
co-adsorption of Fc with different linking groups with alkanethiols, 
SCnOOCFc / SCn and SCnFc / SCn.
24
 They showed that at low concentrations, 
Fc with the polar ester linking group exhibited ideal electrochemical behavior, 
indicating the Fc units are in homogeneous environment and there is no 
interaction between Fc groups; while Fc with the non-polar linking groups 
resulted broadened non-ideal electrochemical behavior even at low ΓFc.
24
 
Creager et al. studied the electrochemical behavior of the linking group 
SC7NHCOFc mixed with SCnX, however, their investigation focused on the 
effect of X rather than comparing the linking groups.
100
 In a separate paper, 
Creager et al.
110
 changed the linking groups with the molecular structure 
shown in Fig. 2.15. They found that as the polarity of the linking groups 
increased, the Fc functional molecule preferred to stay in the mixed solution 
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rather than on the surface due to its non-polar environment. Sabapathy et al. 
studied the electrochemical response of Fc linked with amide (-CONH-), ester 
(-OCO-), etc. They show that the interchain hydrogen bonding between the 
amide linker facilitates and contributes to the stabilization of the SAM 
packing.
51
 When diluting the SAMs with alkanethiols, the disruption of 
hydrogen bond increased the disorder in the monolayer which is proved by the 
lower Epa of Fc.
51
 More studies related to the linker groups have also been 
reported.
55,117,118
 All these studies show that the properties of the linking group 
also affect the redox behavior of Fc in similar way of changing the terminal 




Figure 2.15. ΓFc as a function of Fc,sol for different mixed SAMs: a) SC6Fc (I) / SC6. b) 




 (III) / SC6. The molecular structure of 
compound I, II and III are indicated in the insert. All mixed SAMs formed with acetonitrile as 
solvent and the total thiol concentration is 1.0 mM.
110
 Reprinted with permission: 1994, 
Elsevier. 
    
2.3.3 Possible models proposed 
Numerous attempts have been conducted to explain the non-ideality  in 





 the structural disorder due to the bulky head group or mismatch 
in size,
103,110
 the “isolated” and “clustered” structure model,62 the 
intermolecular interactions.
88,119-121
 Below we discuss separately commonly 
used explanations and how they caused to the non-ideal behavior, in what 
situation or condition they are useful. 
 
2.3.3.1 Steric hindrance 
Chidsey et al.
24
 proposed a model for mixed SAM of SCnFc / SCn on Au, 
as shown in Fig. 2.16a, they assumed Fc as spheres with a diameter of 6.6 Å 
and hydrocarbon chains as cylinders with a diameter of 4.5 Å. The size 
mismatch between bulky Fc and Cn becomes obvious at higher Fc coverage. 
One explanation for the appearance of multi-peaks is the structural disorder in 
SAMs caused by steric crowding of Fc.
99,100,122





 need to form ion pairs with the counter ions in the electrolyte, the closely 
packed Fc may inhibit ion permeation, thus the steric hindrance for the counter 








Figure 2.16. a) Model of a mixed SAM SCnFc / SCn on gold with top view and side view.
24
 b) 




 Reprinted with 
permission: a) 1990, American Chemical Society. b) 2009, American Chemical Society. 
 
2.3.3.2 Double layer effect 
The most commonly used theory of electrical double layer is the 
Gouy-Chapman-Stern model.
96
 Smith and White
102
 first proposed the theory 
of interfacial potential distribution for electroactive immobilized SAMs, and 
Fawcett
116
 expanded this theory with the inclusion of the stern layer. 
According to their model, the potential drops linearly across the stern layer, 
which is the junction between plane of electron transfer (PET) and the locus of 
the first hydrated counter ions from the electrolyte, see Fig. 2.16b, and an 
exponential decay of potential occurred at the Gouy-Chapman layer (diffuse 
layer).
124
 By including the potential difference between the plane of redox 
group and the bulk solution, the modified Nernst equation is expressed in eq. 
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2.1, where R is the gas constant, F is the Faraday constant, T is the 
thermodynamic temperature, n is the number of electrons per redox reaction, 
E
0
 is the standard reduction potential of the cell, ΓO and ΓR are the equilibrium 
surface activities of oxidized and reduced species, φPET – φSOL is the potential 












                     (2.1) 
The term E
0
 + (φPET – φSOL) is called the “apparent formal potential” and is the 
potential measured in a typical electrochemical experiment. From eq. 2.1 we 
know that when ΓO = ΓR, the formal potential is obtained, and its various 
values are attributed to the changes in φPET – φSOL. With the use of the 
continuum model, φPET – φSOL can be expressed with eq. 2.2, where z is the 
charge number, e is the charge of an electron, r is the radius of the redox group, 
NA is avogadro constant, ε0 is the vacuum permittivity, εPET is the permittivity 
at the plane of electron transfer, and εSOL is the permittivity for the bulk 
solution. Therefore, by changing of the distal terminal groups of the SAMs, 






















            (2.2) 
Creager et al.
112
 did theoretical calculations with both Smith and White 
model, and the Fawcett model, and Fig. 2.17 shows that Epa shifts more 
positive, and the peaks becomes more broad, as Fc is more buried in Fc or ΓFc 
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Figure 2.17. a) Predicted voltammograms for Fc SAM buried at different depth of the 
monolayer with Smith and White model (top) and Fawcett model (bottom). The 
voltammograms shift more positive as Fc is buried in 0.1, 0.5, 1.0, 2.0 and 5.0 Å. b) Predicted 
voltammograms for Fc SAMs at different ΓFc with Smith and White model (top) and Fawcett 





. Other parameters for the calculation are not included here.
112
 Reprinted with 
permission: 1997, Elsevier. 
 
2.3.3.3 “Isolated” and “clustered” Fc model 
Lee et al.
62
 studied binary SAMs of SC12Fc / SC10 and proposed the 
“isolated” and “clustered” Fc model, they successfully related the CV peaks to 
the mixed monolayer structure, see Fig. 2.18. For the multi-peaks, they 
deconvolute them with Gaussian and Lorentz functions. Their method of 
relating the electrochemical responses of Fc with the monolayer structure has 
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been used by many other researchers. Tian et al.
39
 reported multi-peaks 
observed for Fc SAMs formed on gold with different roughness, and relate the 
deconvoluted peaks to different packing density of Fc in the monolayer: one is 
less ordered, the other is more densely packed. In another paper by Tian et 
al.
88
, they compared the mixed SAM structure difference of two methods: 
coadsorption and post-assembly exchange. They claimed that different redox 
behavior is observed at low Fc coverage, co-adsorption yields near ideal CV 
behavior, with Fc well isolated in the mixed SAM structure, while exchange 
method yields cluster formation of Fc even at low ΓFc as the exchange mainly 




Figure 2.18. Schematic illustration of the monolayer structure of mixed SAM SC12Fc / SC10 
related to CV peaks, peak I is attributed to “isolated” Fc and peak II is attributed to “clustered” 
Fc.
62
 Reprinted with permission: 2006, American Chemical Society. 
 
2.3.3.4 Lateral interactions 
The lateral interactions can be calculated according to the following 
equations
88,96,127,128
, where the current is represented by eq. 2.3,  is the 
potential scan rate, A is the area exposed to electrolyte, n is the number of 
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electron transferred per redox reaction, ΓT is the total surface concentration of 
redox centers, f is the coverage fraction of the oxidized form, R, F and T are 
constants with usual meaning, the parameter Tvg is related to the interactions 





















                    (2.3) 
The potential dependence is expressed by eq. 2.4, where Ep is the potential 
















EEn TP                  (2.4) 














                         (2.5) 















                  (2.6) 
When Tvg = 0, eq. 2.6 ends with Efwhm = 90.6 mV, which indicates a 
Langmuir isotherm adsorption where no lateral interaction exists. However, 
under normal experimental conditions, lateral interactions always influence 
the CV shape. For attractive lateral interactions, Tvg  > 0, we obtain narrow 
(Efwhm < 90.6 mV) and high current peaks, while for repulsive lateral 
interactions, Tvg  < 0, we obtain broad (Efwhm > 90.6 mV) and lower current 
peaks. Tain et al.
88
 calculated the value of Tvg  for co-adsorption method to 
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be –0.4 (Efwhm = 112 mV) and exchange method to be –0.98 (Efwhm = 151 mV), 
and concluded that the repulsive force between Fc is stronger in exchange 
method and therefore, the Fc is density is higher (so called cluster). Rudenv et 
al.
127
 calculated Tvg  for the deconvoluted peaks for Fc SAMs, and claimed 
that lateral repulsion forces exist in less ordered Fc SAMs and strong attractive 
forces exist in ordered Fc SAMs. These two papers seem to contradict each 




 that caused the 
attractive force. The use of Tvg  values to predict the intermolecular 
interactions between Fc is reasonable but not well-developed.     
 
2.3.4 Electron transfer through mixed SAMs 
 The charge transport studies through thin films are fundamentally 
important and SAMs offers a convenient way of studying the electron transfer 
thermodynamics and kinetics.
25,38
 The electron transfer study can be both 
conducted electrochemically and in molecular junctions.  
 
2.3.4.1 Electrochemical study 
In electrochemistry, mixed SAMs are used for the study of electronic 
coupling between the redox moiety and the electrode.
38,129,130
 However, when 
the redox moieties are mixed with different terminal groups of alkanethiols, 
the electron transfer is affected, i.e., intermolecular coupling occurs. 
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Intermolecular coupling proves to play an important role in charge transport. 
Finklea et al.
27
 studied ruthenium thiol HS(CH2)nC(O)NHCH2pyRu(NH3)5
2+/3+
 
and mixed the molecule with HS(CH2)mCOOH, when m = n (matched) and 
found that  tunneling decay parameter  ≈ 0.97 CH2
-1
, when m < n (exposed), 
but decreased to  ≈ 0.83 CH2
-1 
for mixedmonolayers with m = n and 
decreased further for m > n (buried) to yield extremely low  ≈ 0.16 CH2
-1
. 
The decrease of  as m increases shows that the electronic coupling exist 
between the redox and adjacent non-redox component, resulting multiple 
electron tunneling paths, and the hydrogen bonding between COOH and 
ruthenium redox moiety may contribute to the coupling. Napper et al.
131
 
studied the electron transfer rate for mixed SAMs of Fc based alkanethiols 
(HSC12OOCFc) and alkanethiols with different linking groups (HSC6YC5, 
where Y = CH2 or O), they found that replacing the linker CH2 with O lead to 
small but measurable decrease in tunneling rate constant, with rate constant k
0
 
≈ 55 s-1 for Y = CH2 and k
0
 ≈ 35 s-1 for Y = O. This suggested that the change 
of non-redox diluent in mixed systems result in a measureable change in 
electron transfer rate caused by intermolecular interactions. 
 
2.3.4.2 Junction study 
The molecular junctions conducted on mixed SAMs, are rare. Katsouras 
et al.
132
 studied the charge transfer through mixed SAMs of SC12 / SC18 with 
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PEDOT:PSS protected junction, they concluded that the resistance of these 
mixed SAMs is exponentially depended on the average thickness of the 
SAMsestimated by the mixing ratio of two thiolates. The authors took the 
solution composition as the mole fraction of the monothiol on surface which is 
questionable since Bain et al.
133
 demonstrated that for mixed SAMs the 
solution composition may not reflect with surface composition when the two 
components are different. Jiang et al.
106
 studied mixed SAM SC11Fc / 
(SC11Fc)2 and found that the leakage current of the molecular diodes increased 
dramatically when the thiols were contaminated with 3-5% disulifdes. Other 
charge transport study related to mixed SAMs have been conducted by STM 




It is very important to understand basically the influence of different 
terminal groups formed SAMs in charge transport in both molecular 
electronics and electrochemistry. The tunneling rates are not influenced by 
many functional groups like aromatic, cyclic, polar etc., while terminal groups 
like CF3 cause a decrease in tunneling rate. Therefore, it is challenge to predict 
what kind of terminal groups (molecular structure) change the tunneling rates. 
Electrochemical characterization of redox SAMs diluted with different 
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terminal groups of alkanethiol derivatives shows that the mixed SAM systems 
are very complicated and the use of CV to predict the monolayer structure is 
useful but difficult. Most papers are only able to explain the electrochemical 
behavior observed in their situation but they do not apply to other situations. 
For example, sometimes phase segregation is also observed and it is actually 
similar to “clustered” Fc. Besides, intermolecular interactions are now brought 
up as the general reason for non-ideal behavior. The challenge would be how 
to prove the interactions. Molecular dynamic simulations may offer excellent 
theoretical supports for the quantification of the intermolecular interactions.  
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Tuning the Tunneling Rate and Dielectric Response of 




Abstract: This Chapter describes the control over the electrical properties of 
tunneling junctions based on self-assembled monolayers (SAMs) of the form 




, OH, COOH, F, Cl, Br, or I. 
We found that the tunneling rate (J) increases by three orders of magnitude 
and the dielectric constant (εr) by a factor of 4 with increasing polarizability 
of X for the halogen series, while other terminal groups with low polarizability 
does not significantly influence the tunneling rate. Our results indicate that 
changing the polarizability of a single atom of the molecular component is a 
promising strategy to control charge transport across, and the dielectric 







                       
This work has been published: Wang, D; Fracasso, D; Nurbawono, A; 
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6689-6695. Dr Fracasso contributed to the contact angle and XPS partial 
analysis part, Yuan, L contributed to the XPS and UPS measurements and 




One of the original promises of molecular electronics was that it would 
make it possible to tune the electronic function of devices at the molecular 
scale, with a seemingly endless number of possibilities given the great 
synthetic freedom with which the properties of the molecules can be tuned.
1-5
 
To achieve this goal, one needs to understand which kind of chemical groups 
do affect the electrical characteristics of the junctions and how they do that. 
Recent studies showed that in practical test beds of the form 
electrode—SAM—electrode (where SAM refers to a self-assembled 
monolayer), it is not always straightforward to predict which kind of chemical 
functionalities will affect the electrical response of the junctions.
6-18
  
By far most studies have focused on structure-property relations by 
measuring tunneling currents (J in A/cm
2
) across SAM-based junctions and 
interpret the data in terms of a general tunnel equation (eq. 3.1) where  (in 
Å
-1
) is the tunneling decay coefficient, d (in nm) is the tunneling barrier width 
(the length of the molecule), and J0 is the current that flows across the junction 
for d = 0 nm.  
     deJJ  0                           (3.1) 
Cahen et al.
7,8
 were able to tune the effective barrier height by changing 
the dipole moment of the molecules (μ in D) using semiconducting 
bottom-electrodes. In contrast, Whitesides et al. showed that in EGaIn-based 
58 
junctions (see Fig. 3.1) the tunneling rates are insensitive to a large number of 









 also found that the tunneling rates are remarkably insensitive 
to a broad range of chemical groups. On the other hand, subtle changes in the 
monolayer structure did cause a significant change in the electrical properties 
of junctions. For instance, odd-even effects in the tunneling rates as a function 







) or replacing a C-H unit by a N in SAMs of 
oligo(phenylene)s result in clear change of the transition voltage.
15
 The 







 (all these groups 
induced rectification). In addition, examples of junctions with conjugated 
systems showed quantum interference effects which could be theoretically 
explained,
19,20
 or tunneling rates that could be related to experimentally 
determined tunneling barrier heights and widths.
21
 These examples illustrate 
the various results reported previously in SAM-based molecular junctions and 
elucidate the difficulty in predicting how the SAM-structure will influence the 
electrical properties of SAM-based junctions.In addition to that, one of the 
major challenges in the organic semiconductor industry is the development of 
high-capacitance gate dielectrics.
22
 In order to obtain the required drive 
currents at relatively low operating voltages for field-effect devices, thin gate 
59 
dielectrics with high capacitances and low leakage currents are necessary. 
SAMs have been proposed as attractive candidates since they are thin, but 
their εr values (<4) are in general too low for most applications. The 
capacitance of a SAM (CSAM in F/cm
2
) sandwiched between two electrodes – 
a SAM-based tunneling junction – is proportional to εr and inversely 
proportional to dSAM ( in nm, the thickness of the SAM) as given by eq. 3.2 
where ε0 is the permitivity of free space and Ageo (in cm
2
) is the geometrical 
area of the electrodes.
23
  Due to the small tilt angle of the SAMs on Ag of 
11º,
24
 the value of dSAM is practically determined by the length of the molecule 






C 0                 (3.2) 
The leakage current that flows across such junctions is given by eq. 3.1 
and hence a trade-off exists as increasing CSAM by lowering dSAM results in 
large leakage currents.
25
 For this reason it is important to increase εr. Recently, 
Ratner et al.
26
 calculated that the SAM properties such as the surface coverage, 
molecular tilt angle, or conjugation, have a large effect on the value of εr. They 
showed that densely packed SAMs, with small tilt angles, and with highly 
polarizable groups, may have large values of εr. For example, they calculated 
that εr increases from 5.1 to 8.7 for monosubstituted trans-polyacetylene SAM 
when the terminal hydrogen was replaced by groups with increasing 
polarizability (the highest εr was found for SAMs with iodine atoms). 
60 
Systematic experimental investigations concerning the dielectric response of 
molecular junctions are rare despite their promising potential in applications 
requiring high-capacitance gate dielectrics.
26-28
 And how the polarizability of a 
single atom changes the values of J and εr in a SAM-based device has not been 
experimentally determined yet. 
 The aim of this chapter is to address the following question: how does a 
change in the polarizability ( in Å3) of a single atom in a SAM-based 
junction changes the value of εr and the measured value J and how significant 
would this change be? Molecules (HSC11X) terminated with different 




, OH, COOH, F, Cl, Br, 
or I) were intentionally synthesized, where the linking group (C11) between 
thiol and X was strictly kept the same to eliminate any potential effect it might 
cause. As schematically shown in Fig. 3.1, eutectic gallium-indium 
(GaOx/EGaIn, where GaOx is 0.7 nm thick native oxide of predominantly 
-Ga2O3) was used as a non-invasive soft top-electrode, 
29,30
 in junctions with 





. These bottom-electrodes have large grains and are ultra-smooth. 
The junction is symbolized with the form Ag
A-TS
-SC11X//GaOx/EGaIn. We 




, OH, COOH, the tunneling rates 
do not vary  significantly compared with X = H, while from X = F, Cl, Br, to 
I, the tunneling rate increases by three orders of magnitude and the relative 
61 
dielectric constant εr by a factor of 4. A factor--polarizability--that could cause 
this remarkable increase is proposed and theotetical calculations are utilized to 
support our theory that the control of polarizability of X seems to influence 





Figure 3.1. Schematic illustration of the Ag
A-TS





, OH, COOH, F, Cl, Br, or I. The equivalent circuit is also indicated. RC is 
the total contact resistance, RSAM is the SAM resistance, CSAM is the capacitance of the SAM 
(determined from the constant phase element, CPE). 
 
3.2 Results and Discussion 
3.2.1 Synthesis of HSC11X 





F, Cl, Br and I are shown in details in section 3.4.2. For halogen series, 
textbooks has shown that the bond strength of C-X (X = F, Cl, Br and I) 
decreases as X goes from F to I, C-F > C-Cl > C-Br > C-I. In our case C-I was 
62 
generated when C-Br reacted with NaI, and C-Cl was synthesized from C-I. 
The procedures used to transfer thiol precursors to thiols also show the C-X 
bond strength: for HSC11I, the modest reagent--aqueous acid (aq. HCl)--was 
used to form thiol, while for HSC11F, the strong reducing agent LiAlH4 was 
used to reduce -SCN to -SH. The resulting thiol products were very stable (> 3 
months) with proper storage. 
 
3.2.2 Junction measurement 
Electrical top-contacts were formed to the SAMs using cone-shaped tips of 
GaOx/EGaIn, recorded 400-800 J(V) curves for each type of junction. J(V) 
traces were measured between ±0.50 V in steps of 25 mV across junctions 
formed on at least 3 to 6 different substrates for each type of SAM. The results 
were analysed with MATLAB as described previously.
16,30,32
 Briefly, first the 
histograms of all the values of |J| for each applied bias were created and then 
fitted to a Gaussian with a nonlinear least squares fitting algorithm. From the 
fits we obtained the log-mean (<log|J|>) and log-standard derivation (σlog) of J 
at each applied bias which were then used to construct the log-average J(V) 
traces. Fig. 3.2 shows these J(V) traces with the log-standard deviations and 
the histograms of log|J| at +0.25 V and +0.50 V. Complete statistical analysis 


































-H 26 1 562 96% 0.76(0.08) 
-CN 24 0 518 100% 0.74(0.06) 
-NH2 36 2 789 94% 0.95(0.05) 





 25 1 543 96% 0.63(0.15) 
-OH
 
31 1 723 97% 0.72(0.08) 
-COOH 19 0 417 100% 0.75(0.05) 
-F 33 1 780 97% 0.80(0.07) 
-Cl 22 2 417 91% 0.74(0.08) 
-Br 25 1 574 96% 0.74(0.04) 
-I 33 3 790 91% 0.69(0.10) 
a




 (the compliance value of J of our 
instrument) while recording 20 J(V) scans. 
b





The yield is defined as the percentage of non-shorting junction. 
d
The  log is the log-standard derivation. 
 
When the log-average values of J (<log|J|>, the error bars are the 
log-standard deviations) at + 0.5 V was plotted vs molecular the length dSAM 
and shown in Fig. 3.3, we found that in agreement with results reported by 
others,
9,11
 the value of <log|J|> changes only marginally (within one order of 
magnitude) for junction with monolayers with X = –CN, –NH2, –NO2, 
–COOH, –NH+3Cl
–
, and –F and close to that for junctions with SAMs of 
alkanethiolates. While for halogenated SAMs, obvious trends are obtained as 
shown in the dashed orange line in Fig. 3.3: within ~ 1 Å increase in 
molecular length, the current density increased three orders of magnitude (i.e. 
the values of <log|J|> increase by a factor of 3) from X = F to I. In agreement 
with findings by Whitesides et al.,
9-11
 these groups except halogen series 
66 
changed the tunneling rates only within 1 order of magnitude though they span 
a large range of dipole moments. Then the question comes: why is the halogen 
series so different? To resolve this question, characterization of the SAMs 
terminated with halogens were investigated in more details. 
   
 
 
Figure 3.3. Plot of log|J| at +0.5 V versus d the molecular length (calculated in Å for an all 
trans extended conformation using CPK model in Chem3D). For comparison we show the 
even n–alkanethiolates of log|J| and βeven. The back dash lines represent log|J| = ±0.5. The 
orange dash line indicates the trend for halogens. 
 
3.2.3 Characterization  
The SAMs were derived from the corresponding thiols (the synthetic 
details are described in experimental section) and characterized by angle 
resolved X-ray photoelectron spectroscopy (AR-XPS), ultraviolet 




We recorded the Ag 3d, S 2p, C 1s, and the respective halogen’s spectra 
such as: F 1s, Cl 2p, Br 3p, and I 3d at values of θ from 90°, 70, 60°, 40° to 
20°. The spectra are plotted in Fig. 3.4-3.7 respectively. In all cases the spectra 
were corrected with a Shirley background (green line in the figure) and fitted 
to Voigt functions (constant ratio of 30% to 70% for Lorentzian to Gaussian).  
Fig. 3.4 showed the AR-XPS spectra of the halogens (F 1s, Cl 2p, Br 3p, I 
3d. The intensity of the halogen signal did not vary with the angle as expected 
because of the distal position of the halogen atoms. The I 3d signal has a 




Figure 3.4. AR-XPS peak signals of F 1s, Cl 2p, Br 3p, I 3d for the SC11X SAMs, where X = 
F, Cl, Br, or I. 
 
68 
Fig. 3.5 shows that the intensity of the C1s C-X peak increases when the 
take-off angle decreases, which confirms the distal position of the halogens 
respect to the Ag substrate. The spectra of C1s show that in the case of halogen 
SAMs two species of C-atoms are present: the peak located at the lower 
binding energy originates from the alkyl chain backbone and the peak at 
higher binding energy peak originates from the carbon next to the X group. 
The difference in the binding energy is due to the electronegativity of the 
halogen atoms.
33,34
 The peak attributed by C-X shifts to lower binding energy 




Figure 3.5. AR-XPS spectra of C 1s for the SC11X SAMs, where X = F, Cl, Br, I, or H. 
 
 Fig. 3.6 shows identical peak position and splitting for the halogens with 




 The S2p spectrum recorded on a SC11I SAM shows a 
second sulfur peak which could be attributed to unbound thiols in agreement 
with notion that this signal increases with decreasing θ indicative of exposed 
thiols at the top of the SAM. The I 3d spectrum (Fig. 3.4) also shows two 
signals. These observations have been made by others, the origin of these 
peaks is not clear and have been attributed to radiation damage or the 






Figure 3.6. AR-XPS spectra of S 2p for SC11X SAMs, where X = F, Cl, Br, I, or H. 
 
Fig. 3.7 showed that the Ag 3d spectra for all SAMs are indistinguishable 
which seems to indicate that molecule – silver interactions are the same for all 
SAMs. Based on this observation we believe that radiation damage is the 
70 
primary cause of the observation of two peaks in the I 3d spectra of the SC11I 




Figure 3.7. AR-XPS spectra of Ag 3d for SC11X SAMs, where X = F, Cl, Br, I, or H. 
 
The monolayer thickness dSAM (in nm) was determined with the sum of 
theoretical distance of the Ag-S bond (~1.8 Å) and d (defined as the thickness 
of the overlayer from the sulfur to the vacuum), as shown in eq. 3.3. d is 
estimated using eq. 3.4 which has been reported before.
38,39
  
dSAM = d + dAg-S                         (3.3) 
I = I0 exp (-d/( sin ))                      (3.4) 
where λ is the inelastic mean free path, λ = 8 Å when kinetic energy of the 
photoelectrons is at ~180 eV, I0 is the initial intensity from S atom, Iθ is the 
effective intensity which is calculated with eq. 3.5:  
71 
I = I cos (90
o
 - )                        (3.5) 
where γ is the incident angle (the angle of incident beam and substrate surface), 
and I is the intensity from the spectra, Fig.3.7. In our experiments, we used the 
intensity of S to calculate the value of d by fitting eq. 3.6 (derived from eq. 3.4) 
to a plot of the ln (Iθ,S) vs. 1/sin θ. Fig. 3.8 shows an example and the slope is 
d/λ. Finally the calculated values of dSAM were shown in Table 3.2. 




Figure 3.8. Plot of ln (Iθ) as a function of 1/sin θ according to eq. 3.6. 
 
Instead of determining the absolute surface coverages (ΓSAM), we 
determined the relative values of ΓSAM. The intensity of Ag (IAg) signal is 
attenuated by the SAM depending on d and the number of molecules absorbed 
on Ag surfaces, the surface coverage (Fig. 3.7). Since d is known, and the 
surface coverage of SC11X with X = H is known, we can obtain the relative 
ΓSAM values by comparing IAg for the different types of SAMs given by eq. 
3.7. 
 I0, Ag-S = IAg / exp (-d / λAg)                      (3.7) 
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Here, I0, Ag-S is the Ag signal attenuated by the sulphur atoms. Since the nature 
of the Ag-S bond is the same for all the SAMs (in terms of bond angle and 
length), the difference between the I0, Ag-S of two different SAMs can be solely 
related to ΓSAM (for instance, I0, Ag-S(SC11F) / I0, Ag-S(SC11F) = ΓSAM (SC11F) / 
ΓSAM (SC11H)). The theoretical value of ΓSAM of SC11H SAMs on Ag (111) 
surface has been reported before and is 1.1  10-9 mol/cm2.40 Thus, we 
compared the values of I0,Ag-S of the halogenated SAMs against the I0,Ag-S of 
SC11H SAMs to estimate the relative ΓSAM values of the SAMs in this study. 
The error of ΓSAM is about 2% from the fitting of Ag 3d5/2 peak. 
The calculated results are given in Table 3.2. From the AR-XPS data dSAM 
and the surface coverage ΓSAM were determined. All SAMs are ~1.5 nm thick 
(except for X = H which is 1.3 nm thick) which is consistent with the 





 are close to theoretical values for SAMs on Ag with a (√7 × 
√7)R10.9° packing.40 From these data we conclude that the SC11X thiolates 
form densely packed SAMs which are standing up with small tilt angles 



















 SC11H 10925 1.31 1.10 1.51 
 SC11F 12160 1.54 1.11 1.53 
 SC11Cl 11679 1.55 1.10 1.57 
 SC11Br 9259 1.52 1.10 1.58 
 SC11I 12298 1.65 1.06 1.60 
a) Determined by AR-XPS; the error represents the error of the fit, for dSAM the error was 0.01 nm. 
b)Determined by Chem3D using CPK model. 
 
3.2.1.2 UPS 
Fig. 3.9 shows the HOMO and cut-off of SC11X SAMs. Table 3.3 shows 
the results obtained. The HOMO values of the SAMs are in the range from 
7.60 to 8.07 eV which are close to the HOMO values reported by other 
groups.
41,42
 From F to I the HOMO-onset values show small increase from 
3.69 to 3.79 eV whereas the value of Φ decreases largely from ~4.38 to 3.98 
eV due to the decrease in the electronegativity of the halogen atom in the C-X 
bond as highlighted in the AR-XPS spectra.  
 








 SC11H 3.81 3.79 -7.60 
 SC11F 4.38 3.69 -8.07 
 SC11Cl 4.25 3.76 -8.01 
 SC11Br 4.06 3.78 -7.84 
 SC11I 3.98 3.79 -7.77 




Figure 3.9. a-e) Valence band spectra of SC11X SAMs on Ag
TS
, where X = H, F, Cl, Br and I. 
The HOMO-onset and cut-off positions are defined by the intercept of the red dash lines. f-j) 
The secondary electron cut-off, Φ was found at the intercept of the red dash lines. 
 
 Fig. 3.10 shows the work function (Φ in eV) and the HOMO (in eV) 
plotted against χ, the former decreases by 0.40 eV with increasing atom 
number Z of the halogen. We ascribe this decrease in Φ to the decrease in 
75 
dipole moment as χ decreases with increasing Z.43-46 The energy of the highest 
occupied molecular orbital (EHOMO in eV, which is also called the ionization 
potential), calculated as the sum of the HOMO-onset and Φ, increases as χ 
increases (Table 3.3) while the HOMO-onset values remain constant. This 
observation can be explained as the value Φ can change without changing the 
energy level alignment (i.e., the value of EHOMO) because the electrostatic 
change as a result of the change in dipole by varying χ is confined within in 
SAM (i.e., here the electronic structure of the bottom electrode—SAM 






Figure 3.10. work function Φ (black squares) and HOMO (red diamonds) for SC11X SAMs as 
a function of Pauling electronegativity  of X. 
 
3.2.1.3 Contact angle 
The dispersive (γs
D
 in mN/m) and polar (γs
P
 in mN/m) components of the 
surface energy of the SAMs were determined by CA measurements with two 
liquids (H2O and CH2I2) using Fowkes’ method.
48
 We first determined the 
value of γs
D
 with eq. 3.8 by measuring the contact angle using CH2I2, DIM. 
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This liquid which has only a dispersive component and γl
P
 = 0, so that γl
D
 = γl 
applies. Subsequently γs
P
 was determined by eq. 3.9 by measuring H2O. Water 
has both dispersive and non-dispersive (polar) components to its surface 
tension. The sum of the two components is γs, the overall surface energy of the 
solid. The results are shown in Fig. 3.11 and 3.12, and the analyzed results are 
listed in Table 3.4. 
  
   
  
 
            
                     (3.8) 
   
   
         
   
                                  (3.9) 
The θ values reported in Table 3.4 are averages of three experiments and the 
error bars represent the standard deviation of these three experiments. There 
are few examples in literature of studies where water contact angles were 
measured on SAMs with halogen termini. For instance Bain et al.
49
 reported 
θH2O for SAMs of SC11Br and SC11Cl adsorbed on gold to be 83 for both, 
which are in close agreement with our values obtained for the respective 
SAMs on Ag (Table 3.4).   
 The same method was used to measure CA of oxide layer GaOx of EGaIn 
which is also shown in Table 3.4. A layer of EGaIn was spread onto a cleaned 
glass surface (cleaned by a plasma of air by 5 min) using a syring and the 
respective droplet was placed on top of this thin film with a thickness of 
approx. 1-2 mm. Table 3.4 shows that the values of γs
D
 are about a factor ten 






Figure 3.11. Snapshots of diiodomethane droplets for on the SC11X SAMs, which were used 





Figure 3.12. Snapshots of water droplets for the SC11X SAMs, which were used to determine 
θH2O. The red lines are guides to the eye. 
 
 
Table 3.4. Water and diiodomethane contact angles θ for each type of SAM.a) 















   SC11H 69±1 101±1 24±1 23±1 0.4±0.1 
   SC11F 56±2 79±1 35±1 31±1 4.7±0.1 
   SC11Cl 43±1 83±1 40±1 38±1 1.9±0.1 
   SC11Br 33±1 79±1 45±1 43±1 1.9±0.1 





 75 42 32 
a)
 The error for θ is the standard deviation of three measurements.  
b)
 It was not possible to accurately determine the contact angle accurately.  
 
3.2.1.4 Theoretical calculation    
We determined the value of α by density functional theory (DFT) 
calculations (using B3LYP functionals and the 6-311G** basis set) of gas 
phase molecules and an empirical method based on an additive approach of 
the atomic polarizabilities. To understand the dielectric distribution at the 




were performed. Fig. 3.13 shows the planar averaged local dielectric constant 
(η) profiles for C11X monolayers which also include a simple hydrocarbon 
chain (CnH2n+2 with n = 11) to underline the effect of X moieties. Similar to the 
results described by Ratner et al., the hydrocarbon alkyl chain has a symmetric 
distribution of η along the length of the molecule concentrating towards the 
center. The halogenated hydrocarbons differ from each other only at the 
halogen position and a clear trend is visible for η which decreases in the order 
I > Br > Cl > F. From these data, and the CA measurements, it was concluded 
that we changed primarily the value of polarizability α of the SAMs by 




Figure 3.13. The planar averaged local dielectric responses η for the respective molecules 
along the z-axis computed by DFT. 
 
3.2.4 Temperature dependence measurement  
To examine the mechanism of charge transport across the junctions in 
more detail, the J(V) measurement was performed as a function of temperature 
over the range of temperatures of 240 to 330 K using junctions where the 
79 
EGaIn is mechanically stabilized in a through-hole in polydimethylsiloxane 
(PDMS); the fabrication and characterization of these junctions are described 
elsewhere.
32
 Fig. 3.14a shows that the J(V) curves are independent of the 
temperature. The bias dependence of current density of SC11I SAMs as a 
function of temperature was also shown in Fig. 3.14b and 3.14c. It shows that 
the current density does not change when the temperature decreases at all bias 
(both positive and negative). From this observation we conclude that in all 





Figure 3.14. a) The J(V) measurements as a function of temperature ranging from 240 K to 
330 K for junctions with X = H, F, Cl, Br, and I. b) ln|J| at positive applied bias as a function 




Fig. 3.15 show plots of <log|J|> determined at +0.50 V (<log|J|>+0.50V) 




. It was found that the 
values of <log|J|>+0.50V follow a surprisingly good linear correlation with α and 
γs
D
, but no obvious correlation is visible with γs
P
 or the permanent dipole 
moment of the molecules normal to surface μ. To confirm this hypothesis, we 
also determined the values of <log|J|> for junctions with other terminal groups 
(X = OH, COOH, NO2, CN, or NH2). In agreement with findings by 
Whitesides et al.,
9-11
 these groups changed the tunneling rates only within 1 
order of magnitude though they span a large range of dipole moments.  
 
 
Figure. 3.15. a) The values of <log|J|>+0.50V as a function of α. b) The values of <log|J|>+0.50V 
as a function of γs
D
 (black squares) and γs
P
 (blue triangles). The dashed lines are guides to the 
eye and the error bars represent one log-standard deviation. 
 
Fig. 3.16a shows log|J| at +0.50 V as a function of α for all the terminal 
groups. A clear trend was observed for the halogen derivatives: log|J| increases 
as α increases going from F to I. For other terminal groups, we did not observe 




Figure 3.16. a) Plot of log|J| at +0.50 V as a function of α for all terminal groups. b) Plot of 
log|J| at +0.50 V as a function of µ for all terminal groups. c). Plot of γs
D
 (black triangles) and 
γs
P
 (blue diamonds) as a function of α for halogens, the dashed lines are guides for the eye. 
 
Fig. 3.16b shows log|J| at +0.50 V as a function of μ for all terminal 
groups. Similar to previous reports,
10,11
 we did not observe any trend which 
indicates that the dipole moment of terminal groups did not significantly 






 and α; this figure shows a clear increase of γs
D
 when α 
increases, but an obvious relation between γs
P
 and α is absent. 
It was noted that these dipole moments were estimated from gas phase 
single molecules and not from the SAMs. Zojer et al.
47
 showed theoretically 
that the dipole moment of SAMs depend on various factors, e.g., 
depolarization effects (which are expected to be small in our study as we used 
aliphatic molecules), orientation of the molecules, or surface coverages), but 
here we solely wish to point out that for the series of junctions with X = OH, 
COOH, NO2, CN, and NH2, J did not change much as opposed to junctions 
with halogens.  
 
3.2.5 Impedance measurements 
To investigate the mechanism of charge transport in more detail, the 
junctions were characterized by impedance spectroscopy (IS) because IS 
measures the dielectric properties of a medium as a function of frequency and 
makes it possible to measure the contact resistance (RC in mΩ·cm
2
), resistance 
of the SAM (RSAM in Ω·cm
2
), and CSAM (in μF/cm
2
), independently from each 
other.
50
 The junctions were probed in the frequency range of 100 Hz to 1 MHz 
using a sinusoidal signal with amplitude of 30 mV following previously 




linearity of the system was confirmed by Kramers-Kronig (KK) tests (Fig. 




Figure 3.17. a) Nyquist plots of the junctions with SC11X; b) Frequency dependency of |Z| of 
the junctions at zero bias as a function of –X; c) the corresponding phase angle vs frequency 



















, OH, COOH, F, Cl, Br, I. 
 
The data were fitted to the equivalent circuit shown in Fig. 3.1. The 
equivalent circuit consists of a constant phase element (CPE) in parallel with 
RSAM both in series with RC. A CPE was used instead of a pure capacitor to 
model CSAM because the former represents an imperfect capacitor caused by 
defects in the electrode materials (e.g., grain boundaries, step-edges, 
dislocations, etc.), 
52,53
 so that the quality of the fit is improved. CPE has been 




impedance of a CPE is given by eq. 3.10,
55
 where Q is the magnitude of CPE, 
and n is the ideality factor (for instance n = 1 for a capacitor, n = 0 for a 
resistor, n = -1 for an inductor).
53
 The circuit model with CPE in parallel with 
a resistor (RSAM) can be considered as a non-ideal capacitor possessing a 




/ Q                       (3.10) 
The impedance the circuit shown in Fig. 1 is given by eq. 3.11
56,57
  
Z = RSAM / (1 + RSAM Q (j)
n
)             (3.11) 
From eq. 3.11 the equivalent capacitance of CPE, CSAM can be estimated as 
CSAM = (RSAM Q)
1/n 
/ RSAM                (3.12) 
 


















-H 6.8 ± 0.6
a 1.47 ± 0.05 1 (3.4 ± 0.6) × 102 1.54 ± 0.07 2.93 ± 0.09 0.0007 0.0006 
-CN 6.7 ± 0.2 1.35 ± 0.10  0.998 (1.1 ± 0.1) × 102 1.36 ± 0.10 2.55 ± 0.18 0.0011 0.0012 
-NH2 4.9 ± 0.2 1.92 ± 0.02 0.989 (8.4 ± 0.6) × 10
1 1.98 ± 0.02 3.65 ± 0.04 0.0007 0.0008 
-NO2 5.8 ± 0.3 1.52 ± 0.05 1 (3.8 ± 0.8) × 10
1 1.52 ± 0.05 2.79 ± 0.08 0.0004 0.0004 
-NH3
+Cl- 5.5 ± 0.5 1.58 ± 0.04 0.989 (4.7 ± 0.4) × 10
2 1.64 ± 0.08 3.05 ± 0.15 0.0012 0.0014 
-OH 6.7 ± 0.4 1.45 ± 0.05 0.995 (1.6 ± 0.5) × 101 1.59 ± 0.17 2.90 ± 0.09 0.0004 0.0004 
-COOH 5.9 ± 0.1 1.51 ± 0.11 0.998 (9.0 ± 0.8) × 10
1 1.51 ± 0.10 2.76 ± 0.19 0.0010 0.0009 
-F 7.0 ± 0.1 1.15 ± 0.02 0.999 (4.9 ± 0.6) × 102 1.16 ± 0.02 2.00 ± 0.03 0.0011 0.0010 
-Cl 4.7 ± 0.8 1.66 ± 0.02 0.998 (4.6 ± 1.0) × 101 1.67 ± 0.02 2.96 ± 0.03 0.0005 0.0004 
-Br 3.7 ± 0.2 2.6 ± 0.1 0.998 (1.5 ± 0.1) × 100 2.6 ± 0.1 4.6 ± 0.2 0.0002 0.0002 
-I 2.1 ± 0.3 4.4 ± 0.4 0.996 (1.6 ± 0.3) × 10-1 4.4 ± 0.4 7.9 ± 0.7 0.0009 0.0009 
a 
The error bars represent the standard deviation of three independent measurements. 































-CN 6.9  1.26 100 0.0010 0.78 1.22 100 0.0025 
-NH2 4.7  2.00 78 0.0010 0.79 1.67 78 0.0399 
-NH3
+Cl- 5.0  1.71 433 0.0010 0.88 1.42 423 0.1179 
-OH 6.3  1.42 11 0.0009 0.84 1.29 11 0.0026 
-COOH 5.9  1.41 82 0.0011 0.69 1.37 81 0.0038 
-F 7.0 1.18 422 0.0010 0.72 1.18 422 0.0021 
-Cl 5.2 1.66 47 0.0006 0.60 1.59 47 0.0028 
-Br 3.5 2.55 1.5 0.0003 0.40 2.43 1.5 0.0006 
-I 2.1 4.78 0.12 0.0010 0.25 4.43 0.12 0.0017 
a
 The X = H and NO2 are not included since n = 1. 
 
Table 3.5 shows the results obtained from the fitting with CPE. Table 3.6 
compares the fitting of the two equivalent circuits with one data set, although 
the fitting results are very similar (note that n is very close to 1), the fitting 
errors (χ2fit) are reduced by a factor of 2-3 and are similar to the error of the 
KK-test χ2KK. 
As shown before, in our junctions the RC is dominated by the SAM//GaOx 
interface (the 0.7 nm thick GaOx layer is about two orders of magnitude less 
resistive than the contact resistance).
50
 Therefore, the two interface resistances 
were approximated as a single resistor RC. 
It was noted that, in principle, any junction – regardless whether it is 
classical or non-classical – can be fitted with an equivalent circuit (as is 
common practice to model artificial atoms
58
 for instance). The equivalent 
circuit given in Fig. 3.1 represents a SAM-based tunneling junction and we 
88 
explain the physical meaning of the elements using a single tunneling barrier 
model, which includes contact resistance, in the framework of the Landauer 
model given by eq. 3.13.
59
 This analysis makes it possible to define the contact 
and SAM-resistance clearly.
51
 Here, the contact resistance is associated with 
the coupling of the molecules to the electrodes which is, in an ideal case, the 
inverse of the quantum conductance G0 = 2e
2
/h (for M = 1) where h = Planck’s 
constant, e = the charge of an electron, T = the transmission probability, and M 
= the number of conduction channels.
59
 The value of T depends on both the 













       (3.13) 
Fig. 3.20a shows that the except for halogen termini, Rc for other terminal 
groups are in the range of 5-7 mΩcm2, indicating the van der waals forces are 
not varied though the dipole of the surface is changed by terminal groups. And 
Fig. 3.20b shows that except for halogen termini, the capacitance for these 
terminal groups is similar. Our results show that the change of the surface 
dipole for SAMs does not influence the tunnelling rate, or there is no 
significant coupling between the terminal group and the oxide layer of EGaIn. 
Our results are consistent with Whitesides et al.
10
 that the tunnelling rates are 
insensitive to the strength of the permanent dipole of the terminal groups, the 
interface of SAM/GaOx of polar terminal groups are also shown to be similar 
to CH3, which have similar values as alkanethiolates. Fig. 3.20 also shows that 
89 
halogen termini are different from others, and below we try to find out the 




Figure 3.20. a) plot of Rc vs polarizability for different terminal groups. b) SAM capacitance 




Figure 3.21. a) Plot of RC (black dots) and RSAM (red triangles) as a function of α. b) RC as a 
function of the dvdW. c) Plot of CSAM (black dots) and εr (red triangles) as a function of α. d) 
εDFT (black dots) and εr (red triangles) as a function of α. The error bars are standard deviations 
from three data sets obtained from three separate junctions.The dashed lines are guides to the 
eye and the solid line in panel c is a fit to the Clausius-Mosotti relation.  
90 
 Fig. 3.21a shows that the value of RC (7.0 – 2.1 mΩ·cm
2
) decreases with 
increasing α. One would expect the value of resistance of the SAM—top 
contact (RC,t) to increase with increasing dvdW (estimated from the sums of the 
respective vdW radii)
60
, however, Fig. 3.21b shows that RC decreases with 
increasing dvdW. It is well-known that the Debye (dipole-induced dipole) and 
London (induced dipole-induced dipole) forces increase with increasing 
α.48,61,62 The changes of  of the molecules are small and do not follow an 





 = 32.4 mN/m and is similar in value to γs
D
 = 42.5 mN/m) of the 
top-electrode is large and therefore the permanent dipole associated with the 
GaOx layer may be important. Therefore it is believed that with the increase of 
the polarizability of X, the vdW force between the top-electrode and SAM 




Figure 3.22. Plot of µ (black square) and α (blue circle) as function of RC,t. The dashed line is 
a guide to the eye guide.  
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Fig. 3.21a shows that RSAM decreases from 490 to 0.16 Ω·cm
2
 when X 
changes changed from F to I. This result shows that the three orders of 
magnitude increase of J, observed in the DC measurements (Fig. 3.3), is 
mainly caused by a decrease of the RSAM (and not by the change in RC because 
RC << RSAM). The substantial change in RSAM cannot be attributed to a change 
in dSAM or ΓSAM as these parameters did not vary significantly as a function of 
X. However, DFT (to obtain the projected density of state PDOS) and 
TD-DFT (to obtain an accurate estimate of HOMO-LUMO gap Eg) 
calculations qualitatively justify this trend in RSAM as Eg for the single 
molecule in gas phase decreases consistently from C11F (Eg = 6.31 eV) to C11I 
(Eg = 4.70 eV), see Table 3.7. As described earlier, the UPS data indicated that 
the energy level alignment did not change with changing X (Table 3.3) and 
UV-Vis measurements allowed us to estimate the HOMO-LUMO gap 
experimentally. Table 3.7 shows that the LUMO levels decrease with 
increasing Z. Since the LUMO levels are closer the to the Fermi-levels than 
the HOMO levels, the mechanism of charge transport involves electron 
tunneling
63,64
 and hence the increase in tunneling rates is primarily caused by a 
decrease in the LUMO levels. We note that the shifts in the energy levels may 
be considerably larger once the SAMs are contacted by the top-electrode than 
those estimated by UPS.
65
 As explained above, a decrease in the values of RC 
implies an increase in the molecule—electrode interaction which would also 
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result in an increase of T. Thus our data indicated that the large increase in the 
values of J are the result of a combination of an increase in the molecule—top 
electrode coupling and lowering of the tunneling barrier height as the 
molecule—top electrode interaction increases with increasing polarizability of 
the terminal atom of the SAM. 
 
Table 3.7. List of results from theoretical calculations.
Molecules Eg (eV)
a LOMO(eV)b  (Å3)c 
 HSC11H 6.53 -1.07 22.2 
 HSC11F 6.31 -1.76 22.1 
 HSC11Cl 5.37 -2.64 23.8 
 HSC11Br 5.00 -2.84 24.7 
 HSC11I 4.70
d -3.07 26.5 
a Determined from TD-DFT66. 
bDetermined using the experimental HOMO values and theoretical Egvalues. 
cThe polarizability of the respective molecule at gas phase calculated by DFT 
dWe also determined Eg experimentally by UV/Vis spectroscopy, which was 4.38 eV, close to TD-DFT values shown 
in the table. 
   
Fig. 3.21c shows the values of CSAM and εr plotted as a function of α. Here 
εr was determined using eq. 3.2 from the experimentally obtain CSAM. It was 
found that for junctions with X = I, CSAM = 4.4 ± 0.4 μF/cm
2
 and εr = 7.9 ± 0.7 
which are both about 4 times higher than for junctions with X = F.
50
 The solid 
line in Fig. 3.21c represents a fit to the Clausius-Mosotti relation which 
correlates εr with α, but ignores bulk effects. 
67,68
  
As expected, the Clausius-Mosotti relation does not fit our data well, but 
the εDFT values calculated by van der Waals DFT-D2 method are in close 
agreement with our experimental results, as shown in Fig. 3.21d (the off-set 
93 
between theory and experiment may be attributed to the simplicitiy of the 
model as the effects of the electrode and the thiol group, or depolarization 
effects
27,47,69,70
 were ignored). Our calculations qualitatively agree well with 
the calculations reported by Ratner et al.
26
 They showed theoretically an 
increase by a factor of 1.7 in εr from 5.1 to 8.7 for monolayers of 
trans-polyacetylene by changing the halogen termini of these SAMs from F to 
I (who also ignored the electrodes and the thiol anchoring group). These 
authors also showed that εr of conjugated SAMs is less sensitive to the 
presense of highly polarizable atoms than non-conjugated SAMs which 
explains why a factor of 4 increase of εr was observed. This notion also 
explains why Yoon et al. only observed marginal effects in the tunneling rates 
in EGaIn junctions of the form Ag
TS
-S(CH2)n(p-C6H5X)//GaOx/EGaIn with n 
= 0 or 1 and X = H, F, Cl, Br, and I (these authors did not measure εr).
71
 In 
addition, these short and conjugated SAMs hybridize strongly with the 





In conclusion, our experiments show that in tunneling junctions of the 
form Ag
A-TS
-SC11X//GaOx/EGaIn the tunneling rate increases by 3 orders of 
magnitude and the dielectric constant increases from 2 to 8 when the 
polarizability of X increases (where X = H, F, Br, Cl, or I). These results show 
94 
that it is possible to tune the tunneling rates across, and the dielectric constant 
of, SAM-based junctions by controlling the polarizability via high Z 
substituents.  
The halogenated SAMs have high capacitances (CSAM = 4.4 ± 0.4 μF/cm
2
 
when X = I), but the leakage currents (i.e., the tunneling current across the 
junctions) increased with increasing capacitance. Although in this study the 
SAM thickness was kept the same, our results imply that it is possible to 
engineer the dielectric response of SAMs at the atomic level which are needed 
in optimizing the balance between the dielectric response and the leakage 
current.  
 
3.4 Materials and Methods 
3.4.1 General Materials 
All regents were purchased from Sigma-Aldrich, Alfa Aesar. 
11-bromoundecanol, hydrazine monohydrate, magnesium sulfate, potassium 
phthalimide, sodium nitrite, thioacetic acid were purchased from Alfa Aesar. 
All other chemicals used were from Sigma-Aldrich. Chemicals were used 
without any purification except for thiol compounds which were either 
purified by column chromatography with hexane as eluent or recrystallized 
from ethanol. Solvents were directly used for synthesis. Deionized (DI) water 




C. Thin layer chromatography (TLC) glass plates (0.25nm silica gel 60) 
were used to follow the reactions and the spots were made visible with UV 
light or I2 vapor. Column chromatography was all performed with silica gel 




C NMR spectra were recorded on 
a Bruker Avance 300 MHz spectrometer using CDCl3 as the solvent, gas 
chromatography mass spectra (GC-MS) were recorded on Agilent 
Technologies 7890A GC system plus 5975C MS system. Electrospray 
ionization (ESI) and electron ionization (EI) mass spectra were recorded on a 
Finnigan LCQ mass spectrometer. High resolution electrospray ionization 
(ESI-HR-MS) and electron ionization mass spectra (EI-HR-MS) were recorded on 
a Bruker micrOTOF-QII mass spectrometer.  
 
3.4.2 Synthesis of the compounds 
 
Figure 3.23: Synthetic routes for alkanethiols with different termini. 
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11-bromoundecane-1-thiol (Fig. 3.23a): 11-bromoundecane-1-thiol was 
synthesized following literature procedure
73
. 11-bromoundecene (2 g, 8.58 
mmol), AIBN (0.42 g, 2.57 mmol) was dissolved in 50 mL toluene, followed 
by adding 3 mL thioacetic acid to the mixture. The solution was refluxed at 
120 ℃ for 1 h and the reaction was followed by TLC. After TLC indicated the 
reaction was complete, the reaction mixture was allowed to cool down. The 
reaction mixture was poured into a mixture of 100 mL saturated NaHCO3 and 
50 mL toluene. Then the toluene layer was separated and washed with DI 
water, dried over MgSO4, filtered and concentrated. The raw product was 
purified by column chromatography with hexane: ethyl acetate = 10 : 1 as 
eluent. The yield of 11-bromo-1-undecanethioacetate is 64% (1.7 g, 5.52 
mmol). 
1
H-NMR (300 MHz, CDCl3): δ 1.27-1.58(m, 16H, -(CH2)8-CH2Br), 
1.85(p, J = 7.1 Hz, 2H, -CH2-CH2-S), 2.32(s, 3H, -CH2-SCOCH3), 2.86(t, J = 
7.2 Hz, 2H, -CH2-SCOCH3), 3.40(t, J = 6.9 Hz, 2H, -CH2-Br)ppm.
 13
C-NMR 
(75 MHz, CDCl3): δ = 28.30, 28.88, 28.93, 29.21, 29.28, 29.52, 29.56, 29.63, 
30.79, 23.97, 34.18, 196.18 (C=O) ppm.  
11-bromo-1-undecanethioacetate (1 g, 3.25 mmol) was dissolved in 5-10 
mL methanol in three-necked round bottom flask, degass and cool down the 
solution in an ice bath under N2. Then 3 mL acetyl chloride (excess) is added 
drop wise. The reaction was allowed to stir at room temperature for 6 h. DI 
water and dichloromethane were added and the organic phase was washed 
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with water for 3 times, dried over MgSO4, filtered and concentrated. The 
compound was purified by column chromatography with pure hexane as 
eluent. The yield is 86% (0.74 g, 2.78 mmol).
 1
H-NMR (300 MHz, CDCl3, Fig. 
3.23c): δ 1.28-1.43(m, 14H, -(CH2)7-CH2CH2Br), 1.61(p, J =7.4 Hz, 2H, 
-CH2-CH2SH), 1.85(p, J =7.4 Hz, 2H, -CH2-CH2Br), 2.52(q, J =7.3 Hz, 2H, 
-CH2-SH), 3.41(t, J =6.9 Hz, 2H, -CH2-Br)ppm. 
13
C-NMR (75 MHz, CDCl3): 
δ = 24.83(-C-SH), 28.34, 28.53, 28.92, 29.22, 29.57, 29.62, 33.01(-C-Br), 
34.21ppm. GC-MS: m/z 266 (M
+
). EI-HR-MS: exact mass calcd.: 266.07038, 
found: 266.07024. 
11-nitroundecane-1-thiol (Fig. 3.23b): According to literature
74
 reported, 
silver nitrite (2 g, 13 mmol) and anhydrous diethyl ether is mixed in round 
bottom flask, warp the flask with Aluminum foil and cool down with ice bath. 
Then 1,11-dibromoundecane (7 g, 22.1 mmol) is added and the mixture was 
allowed to stir in ice bath for 12 h and room temperature for 48 h, after 
filtration and concentrated, TLC shows four spot (hexane:ethyl acetate = 5:1). 
The raw product was purified by column chromatography with increasing 
polarity from pure hexane to hexane : ethyl acetate = 10 : 1 And the second 
eluent was found to be the product. Since this compound is totally colorless, 
TLC in I2 bath is used to tract the process all the time. Yield: 52% (1.87 g, 
6.70 mmol) colorless liquid. 
1
H-NMR (300 MHz, CDCl3): δ 1.28-1.43 (m, 
14H, -(CH2)7-CH2CH2NO2), 1.85 (p, J =7.3 Hz, 2H, -CH2-CH2Br), 2.00 (p, J 
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=7.2 Hz, 2H, -CH2-CH2NO2), 3.40 (t, J =6.8 Hz, 2H, -CH2-Br), 4.37 (t, J =7.1 
Hz, 2H, -CH2-NO2)ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 26.34, 27.52, 28.26, 
28.84, 28.93, 29.33, 29.43, 29.46, 32.93, 34.19(-C-Br), 75.87(-C-NO2)ppm. 
GC-MS: m/z 281 (M
+
). 
1-bromo-11-nitroundecane (1 g, 3.58 mmol) was dissolved in ethanol 
10-20 mL and degassed with nitrogen for 15min. Thiourea (0.41 g, 5.37 mmol) 
was added and refluxed at 95℃ for overnight. KOH in water was added and 
refluxed for further 2 h, and followed by neutralization with 1 M a.q. HCl. The 
organic phase was extracted with diethyl ether, washed with water, dried over 
MgSO4 and filtered After removal of the volatiles in vacuo, the raw product 
was purified by column chromatography with first pure hexane and then 
hexane : ethyl acetate = 25 : 1. Yield: 75% (0.63 g, 2.70 mmol) colorless liquid. 
1
H-NMR (300 MHz, CDCl3): δ 1.27-1.39 (m, 14H, -(CH2)7-CH2CH2NO2), 
1.60 (p, J =7.4 Hz, 2H, -CH2-CH2SH), 2.00 (p, J =7.2 Hz, 2H, -CH2-CH2NO2), 
2.52 (q, J =7.2 Hz, 2H, -CH2-SH), 4.38 (t, , J =7.1 Hz, 2H, -CH2-NO2)ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 24.76 (-C-SH), 26.34, 27.52, 28.46, 28.93, 
29.14, 29.33, 29.46, 29.52, 34.13, 75.86 (-C-NO2)ppm. GC-MS: m/z 233 (M
+
). 
EI-HR-MS: exact mass calcd.: 233.14495, found: 233.14488. 
12-mercaptododecanenitrile
75
 (Fig. 3.23c): A modified procedure that 
was reported by Wei et al was used.
75
 To a mixture of11-bromoundecanol (5 g, 
20.0 mmol) and 50 mL acetonitrile, we added KCN (2.6 g, 40.0 mmol) in 
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10mL H2O. The mixture was refluxed at 90 ℃ for 15 h. After the reaction 20 
mL water was added followed by extracting the mixture with diethyl ether. 
The organic phase was dried over MgSO4, filtered and concentrated. The 
product was purified by column chromatography (hexane : ethyl acetate = 1 : 
1) and the yield was 79%(3.1 g, 15.7 mmol). 
1
H-NMR (300 MHz, CDCl3): δ 
1.46-1.30 (m, 14H, -(CH2)7-CH2CH2OH), 1.56 (p, J =6.9 Hz, 2H, 
-CH2-CH2OH), 1.65 (p, J =7.5 Hz, 2H, -CH2-CH2CN), 2.33 (t, J =7.1 Hz, 2H, 
-CH2-CN), 3.64 (t, J =6.6 Hz, 2H, -CH2-OH)ppm.
 13
C-NMR (75 MHz, CDCl3): 
δ = 17.27, 25.49, 25.85, 28.77, 28.87, 29.39, 29.51, 29.63, 32.90, 
63.19(-C-OH), 120.01(-CN)ppm. GC-MS: m/z 196 (M
+
). 
12-hydroxydodecanenitrile (1.5 g, 7.6 mmol) was mixed with diethyl ether 
and cooled to -10 ℃. PBr3 (0.76 mL, 8 mmol) was added and the mixture was 
allowed to react at room temperature for 3 days. After TLC (hexane : ethyl 
acetate = 5 : 1) check for full conversion, the mixture was washed with 0.1 M 
Na2CO3, DI water and extracted with diethyl ether. After drying and 
concentrating the organic phase, the raw product was purified by column 
chromatography with hexane : ethyl acetate = 10 : 1 (the polarity of the eluent 
was increased gradually). Yield : 20%(0.4 g, 1.54 mmol). 
1
H-NMR (300 MHz, 
CDCl3): δ 1.30-1.42 (m, 14H, -(CH2)7-CH2CH2Br), 1.66 (p, J =7.6 Hz, 2H, 
-CH2-CH2CN), 1.85 (p, J =7.3 Hz, 2H, -CH2-CH2Br), 2.33 (t, J =7.1 Hz, 2H, 
-CH2-CN), 3.41 (t, J =6.9 Hz, 2H, -CH2-Br)ppm. 
13
C-NMR (75 MHz, CDCl3): 
100 
δ = 17.28, 25.50, 28.28, 28.78, 28.86, 28.88, 29.38, 29.49, 32.94, 34.20, 
119.99(-CN)ppm. GC-MS: m/z 180 (M
+
-Br). 
12-bromododecanenitrile (0.4 g, 1.54 mmol), thiourea (0.18 g, 2.32 mmol) 
and KI (0.13 g, 0.77 mmol) were dissolved in 10 mL ethanol and refluxed at 
95 ℃ for overnight. The process was protected under nitrogen. K2CO3 (0.32 g, 
2.32 mmol) in water was added and refluxed for 2 h. After neutralizing with 
1M a.q. HCl and extracting with diethyl ether, the raw product was dried over 
MgSO4, filtered and concentrated. After purifying by column chromatography 
with hexane : ethyl acetate = 10 : 1, pure colorless liquid was obtained. Yield: 
61% (0.2 g, 0.9 mmol). 
1
H-NMR (300 MHz, CDCl3): δ 1.29-1.46 (m, 14H, 
-(CH2)7-CH2CH2SH), 1.58-1.70 (m, 4H, -CH2-CH2CN and –CH2-CH2SH), 
2.33 (t, J =7.1 Hz, 2H, -CH2-CN), 2.52 (q, J =7.2 Hz, 2H, -CH2-SH)ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 17.28, 24.79, 25.50, 28.48, 28.79, 28.88, 
29.17, 29.40. 29.54, 29.56, 34.16, 119.98(-CN). GC-MS: m/z 213 (M
+
). 
EI-HR-MS: exact mass calcd.: 213.15512 found: 213.15512. 
11-aminoundecane-1-thiol
76-79
 (Fig. 3.23d): 11-bromoundecanol (10 g, 
40 mmol), potassium phthalimide (8.14 g, 44 mmol) were mixed with 100 mL 
DMF and stirred at 50 ℃ for 6 h. The mixture was concentrated by rotary 
evaporator to get rid of DMF. White solid was obtained and was dissolved in 
chloroform followed by washing with 0.2 M a.q. KOH and water for 3 times. 
The organic phase was concentrated to and the TLC (hexane : ethyl acetate = 
101 
5 : 1) indicated that the compound was pure enough for the next step and was 
used without further purification. 
1
H-NMR (300 MHz, CDCl3): δ 1.25-1.39 (m, 
-(CH2)7-CH2CH2OH), 1.50-1.70 (m, 4H, - CH2-CH2OH and –CH2-CH2-N), 
3.60-3.69 (m, 4H, -CH2OH and –CH2-N), 7.68-7.84 (m, 4H, phenyl ring)ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 25.87, 26.99, 28.74, 29.30, 29.52, 29.57, 
29.67, 32.96, 38.23, 63.22 (-C-OH), 123.31, 132.35, 134.01 168.65 
(-C=O)ppm . ESI-MS m/z 317.99 (exact mass calcd.: 317.1991) 
Compound 1 (14 g, 44.16 mmol) and 250 mL dichloromethane were 
mixed in a round bottom flask under N2 protection. The reaction was cooled in 
ice/salt bath to -10 ℃. Triethylamine (10 mL, 66.25 mmol) was added slowly 
through a syringe in 5 min. Methanesulfonyl chloride (4.2 mL, 53 mmol) was 
added dropwise in 5 min. The reaction mixture was allowed to stir 20 min 
during which the color of the solution changed from colorless to yellow. After 
the reaction, the reaction mixture was washed with ice water, 10% cold a.q. 
HCl, saturated NaHCO3 and brine. The organic phase was dried over MgSO4 , 
filtered, and concentrated. The compound was used without further 
purification. Yield : 85% (14.8 g, 37.5 mmol). 
1
H-NMR (300 MHz, CDCl3): δ 
1.25-1.38 (m, 14H, -(CH2)7-CH2CH2O), 1.64-1.75 (m, 4H, -CH2-CH2-O and 
-CH2-CH2-N), 2.99 (s, 3H, -S-CH3), 3.66 (t, J =7.1 Hz, 2H, -CH2-N), 4.20 (t, J 
=6.6 Hz, 2H, -CH2-O-S), 7.69-7.83 (m, 4H, phenyl ring)ppm. 
13
C-NMR (75 
MHz, CDCl3): δ = 25.55, 26.97, 28.71, 29.12, 29.27, 29.51, 37.53, 38.21, 
102 
70.35 (-C-O-S), 123.29, 132.35, 134.00, 168.61(-C=O)ppm. ESI-MS m/z 
395.99 (exact mass calcd.: 395.1766) 
Compound 2 (5 g, 12.66 mmol) and 150 mL ethanol were added together 
in degassed name of solvent under an atmosphere of nitrogen. In another flask, 
potassium thioacetate (1.6 g, 14 mmol) was dissolved in 100 mL ethanol and 
the mixture was degassed and stirred until the solid was fully dissolved. The 
fully dissolved solution was added via syringe to suspension of compound 2 
quickly. The mixture was refluxed at 95 ℃ overnight during which a clear 
solution formed. After concentrating the reaction mixture, the raw product was 
purified by column chromatography with hexane : ethyl acetate = 2 : 1 
(polarity of the eluent was increased gradually). Yield: 90% (4.27 g, 11.39 
mmol). 
1
H-NMR (300 MHz, CDCl3): δ 1.24-1.31 (m, 14H, 
-(CH2)7-CH2CH2S), 1.54 (p, J =7.4 Hz, 2H, -CH2-CH2-N), 1.64 (p, J =7.2 Hz, 
2H, -CH2-CH2-S), 2.31 (s, 3H, -S-CH3), 2.85 (t, J =7.4 Hz, 2H, -CH2-S), 3.66 
(t, J =7.3 Hz, 2H, -CH2-N), 7.69-7.84 (m, 4H, phenyl ring)ppm. 
13
C-NMR (75 
MHz, CDCl3): δ = 27.01, 28.74, 28.95, 29.22, 29.32, 29.57, 29.64, 30.78, 
38.23, 123.29, 132.37, 133.97, 168.61, 196.18 (-S-C=O)ppm. ESI-MS m/z 
375.98 (exact mass calcd.: 375.1868) 
Compound 3 (4 g, 10.67 mmol) was refluxed at 80 ℃ with hydrazine 
hydrate (2 mL, 39.6 mmol) in 30 mL methanol for 5 h. The mixture was 
concentrated and 30 mL 2M a.q. HCl was added and refluxed at 110℃ for 1h. 
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The mixture was filtrated while hot and the filtrate was allowed to cool down. 
White crystals formed which were filtered and washed with copious amounts 
of water. The solid was dried and purified by recrystallization from 
dichloromethane with a trace amount of methanol. The resulting compound 
was isolated as the ammonium salt with a yield of 70% (1.79 g, 7.5 mmol). 
1
H-NMR (300 MHz, DMSO): δ 1.25-1.35 (m, 16H, -(CH2)8-CH2CH2SH), 
1.52 (p, J =7.2 Hz, 2H, -CH2-CH2-SH), 2.23 (t, J =7.7 Hz, 1H, -CH2-SH), 2.45 







C-NMR (75 MHz, DMSO): δ = 23.76, 25.86, 26.92, 27.75, 
28.50, 28.54, 28.82, 28.87, 28.95, 33.38, 38.67(-C-NH3
+
)ppm. ESI-MS m/z 
204.09 (M-Cl
-
) (exact mass calcd.: 239.1475) To obtain the neutral amine, the 
salt was dissolved in water and the pH was adjusted  to 11 with sodium 
carbonate during which a white precipitate formed. The mixture was extracted 
with dichloromethane and the organic phase was washed with water for 3 
times, dried over MgSO4 and filtered. Pure 11-aminoundecane-1-thiol was 
obtained after filtration and removal of the volatiles using a rotary evaporator 
in 95% yield. 
1
H-NMR (300 MHz, CDCl3): δ 1.29-1.46 (m, 16H, 
-(CH2)8-CH2CH2SH), 1.62 (p, J =7.4 Hz, 2H, -CH2-CH2SH), 2.54 (q, J =7.0 
Hz, 2H, -CH2-SH), 2.69 (t, J =7.0 Hz, 2H, -CH2-NH2)ppm. ESI-MS m/z 
204.10 (MH
+







: 1,11-dibromoundecane (5 g, 16.0 
mmol) and NaI (9.6 g, 64.1 mmol) were added into a round bottom flask, with 
150 mL acetone as solvent. This mixture was allowed to reflux the mixture for 
5 h. Then, DI water was added after the reaction was cooled down to room 
temperature, followed by extract with diethyl ether. The organic phases were 
combined, dried over MgSO4, filtered, and concentrated by rotary evaporator. 
The 1,11-diiodoundecane was used for the next step without further 
purification and isolated with a yield of 93% (6.04 g, 14.9 mmol). 
1
H-NMR 
(300 MHz, CDCl3): δ 1.28-1.41 (m, 14H, -(CH2)7-CH2CH2I), 1.82 (p, J =6.8 
Hz, 4H, -CH2-CH2I), 3.19 (t, J =7.1 Hz, 4H, -CH2-I)ppm.
 13
C-NMR (75 MHz, 




11-iodo-1-undecanethioacetate was synthesized using a similar method 
reported by Alvarado et al
81
. A mixture of 1,11-diiodoundecane (3 g, 7.35 
mmol), potassium thioacetate (0.2g, 1.75 mmol), and MeCN 200 mL were 
refluxed under N2 for 5h. During the reaction, 0.2 g KSCOCH3 was added 
(three times) at an interval of roughly 1.5 h. After cooling down to room 
temperature, the reaction mixture was concentrated to remove MeCN. The 
residue was dissolved in 30 mL CH2Cl2 followed by filtration to remove 
insoluble solids. The filtrate was concentrated and purified by column 
chromotagraphy with hexane : dichloromethane = 5 : 1 as an eluent. The first 
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fraction was unreacted starting material, the second fraction was the desired 
compound with a yield of 48% (1.3 g, 3.56 mmol).
 1
H-NMR (300 MHz, 
CDCl3): δ 1.27-1.40 (m, 14H, -(CH2)7-CH2CH2I), 1.56 (p, J =7.6 Hz, 2H, 
-CH2-CH2S), 1.81 (p, J =7.2 Hz, 2H, -CH2-CH2I), 2.32 (s, 3H, -SCOCH3), 
2.86 (t, J =7.5 Hz, 2H, -CH2-S), 3.18 (t, J =7.1 Hz, 2H, -CH2-I)ppm.
 13
C-NMR 
(75 MHz, DMSO): δ =7.49(-C-I), 28.66, 28.94, 29.22, 29.29, 29.51, 29.54, 
29.57, 29.63, 30.63, 30.80, 33.70, 196.19(-S-C), ppm.  GC-MS: m/z 356 (M
+
) 
We synthesized 11-iodoundecane-1-thiol using a modified procedure 
reported in the  literature
82
. 11-iodo-1-undecanethioacetate (0.57 g, 1.6 mmol) 
was dissolved in 20 mL MeOH. Subsequently, 1M HCl a.q. (~2 mL, 1.6 mmol) 
was added. The mixture was refluxed for 5 h. After cooling down to RT, the 
solvent was removed in vacuo and the raw product was purified by column 
chromatography with pure hexane as an eluant. The first fraction is the 
product. Yield: 24% (0.123 g, 0.39 mmol).
 1
H-NMR (300 MHz, CDCl3, Fig. 
3.23d): δ 1.26-1.43 (m, 14H, -(CH2)7-CH2CH2I), 1.61 (p, J =7.5 Hz, 2H, 
-CH2-CH2SH), 1.82 (p, J =7.4 Hz, 2H, -CH2-CH2I), 2.52 (q, J =7.2 Hz, 2H, 
-CH2-SH), 3.19 (t, J =7.1 Hz, 2H, -CH2-I)ppm.
 13
C-NMR (75 MHz, DMSO): δ 
=7.49(-C-I), 24.81, 28.51, 28.67, 29.20, 29.53, 29.60, 30.47, 30.65, 33.71, 
34.19ppm.  GC-MS: m/z 314 (M
+
). ES-HR-MS: exact mass calcd.: 
314.05651, found: 314.05687. 
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11-chloroundecane-1-thiol (Fig. 3.23f): The 
11-chloro-1-undecanethioacetate was synthesized using procedures reported in 
literature
83
. 11-iodo-1-undecanethioacetate (1 g, 2.81 mmol) was dissolved in 
150 mL tetrahydrofuran (THF) and TBACl (tetrabutylammonium chloride) 
(3.12 g, 11.24 mmol) was added. The mixture was reacted under N2 at room 
temperature for 4h afterwhich DI water was added to quench the reaction. The 
product was extracted from the reaction mixture with ethyl acetate and washed 
the organic phase with brine. The organic phase was dried with MgSO4, 
filtered, and concentrated followed by purification by column chromatography 
eluted with hexane : ethyl acetate = 5 : 1 (gradually increase the polarity). The 
product was iolated as light yellow liquid with a yield of 88% (0.65 g, 2.46 
mmol). 
1
H-NMR (300 MHz, CDCl3): δ 1.27-1.44 (m, 14H, 
-(CH2)7-CH2CH2Cl), 1.56 (p, J =7.6 Hz, 2H, -CH2-CH2S), 1.76 (p, J =7.4 Hz, 
2H, -CH2-CH2Cl), 2.32 (s, 3H, -SCOCH3), 2.86 (t, J =7.5 Hz, 2H, -CH2-S), 
3.53 (t, J =7.1 Hz, 2H, -CH2-Cl)ppm.
 13
C-NMR (75 MHz, DMSO): δ =27.02, 
28.94, 29.01, 29.22, 29.29, 29.55, 29.63, 30.79, 32.79, 45.33(-C-Cl), 
196.21(-S-C), ppm. GC-MS: m/z 264 (M
+
) 
The synthesis of 11-chloroundecane-1-thiol is similar to that described for 
11-bromoundecanethiol (Fig. 3.23a). 11-chloro-1-undecanethioacetate (0.6 g, 
2.3 mmol) was dissolved in 10 mL methanol, afterwich we degassed and 
cooled down the solution in an ice bath under N2. Then 3 mL acetyl chloride 
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(excess) was added dropwise. The reaction was allowed to stir at room 
temperature for 6 h. DI water and dichloromethane were added and the organic 
phase was washed with water for 3 times, dried over MgSO4, filtrated and 
concentrated. The compound was purified by column chromatography with 
hexane as eluent. The isolated yield was 92% (0.47 g, 2.12 mmol).
 1
H-NMR 
(300 MHz, CDCl3, Fig. 3.24b): δ 1.28-1.43(m, 14H, -(CH2)7-CH2CH2Cl), 
1.61(p, J =7.4 Hz, 2H, -CH2-CH2SH), 1.77(p, J =7.4 Hz, 2H, -CH2-CH2Cl), 
2.52(q, J =7.3 Hz, 2H, -CH2-SH), 3.53(t, J =6.8 Hz, 2H, -CH2-Cl)ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 24.81(-C-SH), 27.03, 28.51, 29.02, 29.20, 
29.60, 32.80, 34.19, 45.34(-C-Cl)ppm. GC-MS: m/z 222 (M
+
). ES-HR-MS: 
exact mass calcd.: 222.12090, found: 222.12059. 
11-fluoroundecane-1-thiol (Fig. 3.23g): 1-bromo-11-fluoroundecane was 
prepared following a literature procedure.
84
 To a schlenk flask with 
11-bromoundecanol (8.09 g, 32.22 mmol), 100 mL distilled dichloromethane, 
and pyridine (3.12 mL, 38.66 mmol), under N2, at ~ -10 
o
C using ice water 
with sodium chloride), trifluoromethanesulfonic anhydride (Tf2O) (10 g, 35.44 
mmol) was added dropwise. The reaction mixture was stirred for another 30 
min before washed with 1 N HCl aqueous solution. The CH2Cl2 layer was 
collected and dried with MgSO4 and the filtrate was used without purification. 
To the filtrate, tetrabutylammonium bifluoride (TBAHF, technical grade, 50% 
in DCM) (15 mL, 36 mmol, 1.2 equiv) was added and stirred at room 
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temperature for 2 h after which the volatiles were removed in vacuo. The 
residue was taken up in hexane and stirred for 30 min, afterwhich two phase 
mixture was obtained. The top layer (hexane) was decanted and the viscous 
lower layer (TBAHF) was washed two more times with hexane (which was 
separated by decantation). The resulting hexane layers were combined, 
concentrated and purified by column chromatography with hexane. The first 
fraction was 1-bromo-11-chloroundecane, and the second fraction contained 
the desired compound and the isolated yield was 42% (3.45 g, 13.69 mmol).
 
1
H-NMR (300 MHz, CDCl3): δ 1.29-1.45(m, 14H, -(CH2)7-CH2CH2F), 
1.60-1.75(m, 2H, -CH2-CH2F), 1.85(p, J =7.4 Hz, 2H, -CH2-CH2Br), 3.41(t, J 
=6.9 Hz, 2H, -CH2-Br), 4.44(dt, JHF =47.4 Hz,
 
JHH =6.2 Hz, 2H, -CH2-F)ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 25.29(d, 
3
JCF = 5.5 Hz, -C-C-C-F), 28.32, 
28.90, 29.37, 29.56, 29.60, 30.56(d, 
2
JCF = 19.2 Hz, -C-C-F), 32.98, 34.20, 
84.39(d, 
1
JCF = 159.0 Hz, -C-F)ppm. EI-HR-MS: exact mass calcd.: 
252.08889, found: 252.08871 
1-fluoro-11-thiocyanatoundecane was prepared by following a previously 
reported procedure
85
: A mixture of potassium thiocynanate (0.18 g, 1.8 mmol, 
1.5 equiv.) and 20 mL absolute ethanol was refluxed to which 
1-bromo-11-fluoroundecane (0.3 g, 1.2 mmol, 1 equiv.) in 10 mL ethanol was 
slowly added over 20 min. The mixture was then refluxed for another 3h. 
After cooling down, the white precipitate was removed by filtration and the 
109 
ethanol from the filtrate by a rotary evaporator. The raw product was dissolved 
in DI water and extracted with diethyl ether. The diethyl ether layer was then 
dried with MgSO4, filtrated, concentrated and purified by column 
chromatography with hexane as a eluent. After the first fraction was isolated 
(which contained unreacted 1-bromo-11-fluoroundecane) the polarity of the 
eluent was increased (hexane : ethyl acetate = 10 : 1) after which the second 
fraction was isolated which contained the 1-fluoro-11-thiocyanatoundecane 
(TLC showed only two spot before column chromatography). Yield: 65% 
(0.18 g, 0.78 mmol).
 1
H-NMR (300 MHz, CDCl3): δ 1.29-1.46(m, 14H, 
-(CH2)7-CH2CH2F), 1.60-1.75(m, 2H, -CH2-CH2F), 1.82(p, J =7.5 Hz, 2H, 
-CH2-CH2SCN), 2.95(t, J =7.2 Hz, 2H, -CH2-SCN), 4.44(dt, JHF =47.4 Hz,
 
JHH 
=6.2 Hz, 2H, -CH2-F)ppm. 
13
C-NMR (75 MHz, CDCl3): δ = 25.08(d, 
3
JCF = 
5.4 Hz, -C-C-C-F), 27.89, 28.80, 29.14, 29.25, 29.31, 29.36, 29.82, 30.34(d, 
2
JCF = 19.2 Hz, -C-C-F), 34.02, 84.17(d, 
1
JCF = 162.8 Hz, -C-F), 112.35 




 11-fluoroundecane-1-thiol was prepared using a slightly modified 
literature procedure 
85
. To a mixture of lithium ammonium anhydride (LiAlH4) 
(0.05 g, 1.3 mmol, 2 equiv.) and 10 mL distilled diethyl ether under N2 (the 
mixture was cooled with ice water), we added 
1-fluoro-11-thiocyanatoundecane (0.15 g, 0.65 mmol, 1 equiv.) in 5 mL 
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diethyl ether slowly. When the addition was complete in 10 mins, degassed DI 
water was added to decompose the LiAlH4 and white gelatinous solution was 
obtained. Degassed 3 N HCl aqueous was added until the solution became 
clear and the pH was ~ 1. The solution was extracted with 10 mL diethyl ether 
for 3 times, and the combined extracts were dried over MgSO4 and filtrated. 
After concentration, the raw product was purified by column chromatography 
with hexane as the eluent. Yield: 71% (95 mg, 0.46 mmol). 
1
H-NMR (300 
MHz, CDCl3, Fig. 3.24a): δ 1.28-1.45(m, 14H, -(CH2)7-CH2CH2F), 
1.58-1.77(m, 4H, -CH2-CH2F and -CH2-CH2SH), 2.52(q, J =7.3 Hz, 2H, 
-CH2-SH), 4.44(dt, JHF =47.4 Hz,
 
JHH =6.2 Hz, 2H, -CH2-F)ppm. 
13
C-NMR 
(75 MHz, CDCl3): δ = 24.80, 25.29(d, 
3
JCF = 5.5 Hz, -C-C-C-F), 28.51, 29.20, 
29.37, 29.61, 30.55(d, 
2
JCF = 19.2 Hz, -C-C-F), 34.19, 84.39(d, 
1
JCF = 163.0 









H NMR spectra for a) HSC11F, b) HSC11Cl, c) HSC11Br, d) HSC11I recorded in 
CDCl3. The CH2 group next to the thiol is, as expected, a quartet. The signal of the 
corresponding disulfide is not visible in the spectra. It is noted that the CH2 group next to the 
halogen shifts down field with decreasing electron negativity and that, in the case of X = F, the 




3.4.3 SAM preparation 
The purity of the n-alkanethiols was confirmed by 
1
H NMR spectroscopy 
before use to make sure the disulphide content was below the detection limit 
of the NMR. The template stripped annealed silver (Ag
A-TS
) substrates were 
prepared following previously reported procedures.
14
 Fig. 3.25 shows an AFM 
image of the Ag
A-TS
 surface with root-mean-square roughness of 1.2 nm over 
an area of 10   10 μm2. The SAMs were formed on AgA-TS by exposing the 
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freshly template-stripped surfaces to a degased ethanolic solution containing 3 
mM of the target thiol for 3h. After 3h formation time, the substrates were 




Figure 3.25: The AFM image of the Ag
A-TS
 used for SAM formation. 
 
3.4.4 Angle dependent photoelectron spectroscopy 
The angle-dependent photoelectron spectroscopy (ARPES) measurements, 
i.e., ARXPS, were performed at the SINS (Surface, Interface and 
Nanostructure Science) beamline of Singapore Synchrotron Light Source 
(SSLS). All the experiments were done at RT in ultra-high vacuum (UHV) 
chamber with a base pressure of 110-10 mbar. The photo energy was 
calibrated relative to the Au 4f7/2 core level peak (84 eV) using a 
sputter-cleaned gold foil in electrical contact with the samples. This technique 
had been reported before
14,87
 and here we briefly describe how the 
measurement and the analysis were done. During measurement, the angle of 
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the analyzer and incident beam was fixed at 50, and we varied the take-off 
angle (θ, the angle between the substrate surface and the axis of the analyzer) 
to obtain more information about the substrate surface.  
 
3.4.5 Valence band spectra 
The valence band spectra of the SAMs on Ag
TS 
were also measured at the 
SINS beam-line. The top of the valence band and work function Φ values were 
determined by linear extrapolation of the lower binding energy side of the 
HOMO peak and secondary electron cut-off to the base line. It has been 
reported before that the features at a binding energy of 1.2 to 1.4 eV of the 
valance band spectra are attributed to ionization energy of the Au-S bond and 




3.4.6 Contact angle 
We determined the static contact angles (CA) of de-ionized (DI) water and 
diiodemethane (CH2I2 or DIM) on the SAMs using VCA Optima. From the 
contact angles the polar γs
P
 and dispersive γs
D
 components were obtained using 
Fowkes’ method.48 The Fowkes method is a well-known technique and it has 
been used to determine the surface free energies of, e.g., polymeric materials. 
We measured the static contact angles, θ, using three 1 L droplets for each 
type of SAM.     
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3.4.7 DFT calculations 
DFT calculations are mainly done by Hashini V. Annadata and Dr. Argo 
Nurbawono. We determined the polarizability α (in Å3) by performing DFT 
calculations with the Gaussian 09
90





 basis set on each molecule in the gas phase. We 





3.4.8 Energy gap estimation 
Two methods were used to estimate the HOMO-LUMO gap (Eg): 
time-dependent DFT (TD-DFT) and UV-Vis measurement. Both methods are 
consistent with each other. For TD-DFT calculations the open source Octopus 
package
66
 were utilized and the molecules were terminated with H instead of 
SH on one end, while the other end was terminated with the halogen atom. The 
calculation was done by Dr. Argo Nurbawono. Fig. 3.26 shows the calculated 
absorption spectra for C11X and Table 3.8 shows the calculated energy gap 
(Eg
TD-DFT
) for C11X molecules. We observe a decrease of Eg
TD-DFT
 from X = F to 





Figure 3.26: Calculated UV/Vis absorption spectra for C11X with X = H, F, Cl, Br and I. 
 
Table 3.8: TD-DFT energy gaps for C11X molecules. 
 molecules Eg
TD-DFT
 (eV) Exp. Eg (eV)
a
 
   C11H 6.53 >5
b 
   C11F 6.31 >5 
   C11Cl 5.37 >5 
   C11Br 5.00 >5 
   C11I 4.70 4.38 
a
 Determined by UV/Vis spectroscopy. 
b 
Our spectrometer only makes it possible to measure to 200 nm and therefore the optical Eg 
could not be determined. 
  
The optical Eg was determined from the UV-Vis spectra. We prepared 
HSC11X solutions in ethanol with a concentration of ~10
-5
 M, and recorded the 
spectra with a Lambda 750 spectrometer (Perkin Elmer). Fig. 3.27 shows the 
UV-Vis absorption spectra. For X = I we could resolve a distinctive absorption 
peak at 251 nm, from which we conclude that the other compounds adsorb at 
<200 nm (the limit of the spectrometer). Here, the cut-off wavelength was 
estimated from the spectrum obtained, by linear extrapolation of the edge of 
the absorption peak to the base line as shown in the inset in Fig. 3.27 (black 
dashed lines) for HSC11I.
101-103
 We used the eq. 3.14 to calculate the optical 
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HOMO-LUMO gap Eg, h is plank’s constant, 6.626  10
-34
 Js, c is speed of 
light, 3.0  108 m/s, and  (in nm) is the cut off wavelength (here 284 nm).  




Figure 3.27. UV-Vis absorption spectra for HSC11X in acetonitrile, the inset shows the 
determination of the cut-off indicted by the black dashed line. 
 
The estimated optical band gap for HSC11I is 4.38 eV ( = 284 nm), for the 
other molecules, due to the limitation of our instrument, we cannot give a  
value and thus the optical bandgap is > 5.0 eV. Our experimental data are 
comparable with TD-DFT results. 
 
3.4.9 Impedance measurement 
GaOx/EGaIn top electrode was used and stabilized in a through–hole 
device made in a transparent rubber of PDMS as described elsewhere
32
 for the 
impedance measurements. These top electrodes have well defined geometrical 
contact areas (7.1  102 or 9.6  102 μm2). The top electrodes were placed 
117 
gently on to SAM-Ag
A-TS
 bottom electrode, the bottom electrode and 
GaOx/EGaIn electrode were contacted with tungsten probes in a probe station 
(model Lakeshore CRX-VF). Before the impedance was measured, we 
recorded J(V) curves to establish the properties of the junction. The 
impedance was only measured when the J(V) curve of the device was within 
one log-standard derivation of the log-average J(V) curves. A solatron 
impedance analyzer (model 1260 with 1296 dielectric interface) in a two 
terminal configuration was used to measure the impedance of these junctions 
in the frequency range 100 Hz to 1 MHz using a small sinusoidal signal with 
amplitude of 30 mV at zero applied DC bias.
104
 A standard 10 pF capacitor - 
model 12961 dielectric reference module was used as the external reference to 
reduce the inductive effects from the cables.
105
 For each junction 5 spectra was 
measured and their averaged spectrum was used for fitting. This was repeated 
three times for each of junction.  
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Understanding of Intermolecular Interactions through 
Electrochemical Study of Mixed 




Abstract: Ferrocene functionalized mixed self-assembled monolayers (Fc 
mixed SAMs) have been extensively investigated in electrochemistry and 
non-ideal behavior is one characteristic of mixed SAMs. To investigate further 
the electrochemical behavior of Fc mixed SAM, we studied 
ferroceneundecanthiol and alkanethiols with different chain length (SC11Fc / 
SCn, where n = 9-13). Multi-peaks were observed for any n with cyclic 
voltammetry (CV), and that one carbon difference affects oxidation potential 
of Fc already. We successfully related our electrochemical behavior to the 
SAM structure and intermolecular interactions (Fc-Fc, Fc-alkyl, alkyl-alkyl). 
However, when the terminal group of alkanethiols was changed to SCnX, 
where X = OH, CN, NO2, NH2 and COOH, mostly a single peak was observed 
for any X in the CV, and we demonstrated the whole system is different from 
SC11Fc / SCn. However, we cannot relate the redox behavior of Fc to SAM 
structure, as due to the strong interaction between Fc-X the electronic 
structure dominates (or electronic coupling of Fc to X). In addition, it was 
also found that the length effect is less significant for these terminal groups 
than CH3 termini. 
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4.1 Introduction 
The redox chemistry of self-assembled monolayers (SAMs) of 
n-alkanethiolates with ferrocene termini of the form S(CH2)nFc (abbreviated 
as SCnFc) has been studied for decades.
1-14
 These immobilized redox species 
in the form of SAMs are interesting model systems to investigate charge 
transport across the electrolyte-electrode interface as these redox-reactions are 
not limited by mass transport of the redox species from solution.
15
 The 
non-ideal electrochemical behavior observed from  the electrochemical data 
– peak broadening,16,17 appearance of new peaks or shoulders,4,5,7,8 peak 
shifting
3,4,11
 – are attributed to several mechanisms, such as the double layer 
effect,
9,16,18
 the structural disorder due to the bulky head group or mismatch in 
size,
6,17





. Although intermolecular 
interactions have been used previously as a general term for one of the 
explanations of the non-ideal electrochemical behavior, the role of each 
interactions such as Fc-Fc interactions (Fc-Fc) to the contribution of 




One of the primary designs for mixed SAMs is to break the intermolecular 
interactions between functional molecules, e.g. redox active molecules like Fc, 
with non-redox active molecules, in order to obtain ideal electrochemical 
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behavior. However, the interaction between Fc-Fc is partially eliminated at 





 considering hexagonal packing,
1
 but the interaction between 
Fc and non-redox molecules are still involved. Therefore, non-ideal 
electrochemical behavior is still obtained even with redox inactive molecules 
as co-adsorbs as the Fc units can be still present in different electrochemical 
environments. 
The ideality can be defined in terms of uniformity of environments around 
the redox center, or, in other words, all of the redox centers are identical. 
Creager and Rowe
3,4,7
 studied mixed SAM SC6Fc / SCn (we use A / B in short 
for A mixed with B), with n varies from 4-12 and concluded that the 





), and as n increases, oxidation potential (Epa) shifts more 
positive. They also studied SC6Fc / SC6X, where X = -Br, -CN, -OH etc. and 
found that the formal potential of Fc shifts less positive when X is polar due to 
solvent and double layer effect.
9
 
In recent years, the SAM structures or intermolecular interactions have 
been related to the electrochemical response. Lee et al. proposed that the SAM 
structure comprises of “isolated” and “clustered” Fc for SC12Fc / SC10.
12
 Tian 
et al. studied SC11Fc / SC11 and pure SC11Fc SAMs and concluded that 




 Molecular dynamic simulations of SC12Fc / SC10 by 
Goujonet al. concluded that the SAM structure strongly affects the energetic 
properties of Fc.
22,23
 Therefore, understanding the role of each component of 
the intermolecular interaction between the molecules in the SAMs seems to be 
key to explain the origin of non-ideal electrochemical behavior of redox-active 
SAMs.  
Alexander et al. demonstrated that only for atomically smooth surface the 
locally ordered Fc patches with attractive lateral forces exist for SC11Fc 
SAMs.
20,21





 was used as substrates, to minimize artifacts and keep all the SAMs 
preparation processes as same as possible (i.e., without the need for surface 
cleaning steps). The redox behavior of mixed SAM SC11Fc / SCn with n = 
9-13 was investigated, and mixed SAMs of SC11Fc / SCnX, where X = Br, 
C=C, OH,CN, NO2, NH2 and COOH were also studied. Our study is similar to 
Creager and Rowe’s3,4,7 but we aim to correlate intermolecular interactions to 
the shape of the CVs.  
It was found that for mixed SAM SC11Fc / SCn, the relative carbon number 
between the two components affects greatly the shape of the CV (even if n 
differs by only one). All CV results of mixed SAMs SC11Fc / SCn are 
attempted to explain by molecule-molecule interactions shown in Fig. 4.1. We 
propose that Fc-Fc, Fc-Cn and Cn-Cn interactions, are responsible for the peak 
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splitting and broadening frequently observed in CVs. We also unveiled the 
relation between SAM structure, electrochemical responses and intermolecular 
interactions as illustrated in Scheme 4.1.However, for mixed SAMsSC11Fc / 
SCnX, it was found the interaction of Fc-X play important role for the 





Figure 4.1. Schematic illustration of the possible intermolecular interactions existed in mixed 
SAMs. Iron atoms of ferrocene are shown as orange spheres, carbon atoms are shown as blue 
sticks, and sulfur atoms are shown as deep yellow spheres. 
 
4.2 Results and Discussion 
4.2.1 Chain length effect for SC11Fc / SCn 
Fig. 4.2 shows the CVs of mixed SAMs of SC11Fc / SCn, where n = 9, 10, 
12, 13. For all mole factions of Fc (Fc,sol) except Fc,sol = 0.05, multipeaks 
were observed. Further analysis of the CV result were performed and in the 





Figure 4.2: CV of mixed SAMs of a). SC11Fc / SC9, b). SC11Fc / SC10, c). SC11Fc / SC12, d). 
SC11Fc / SC13on Au
TS
 in 1.0 M HClO4 electrolyte at scan rate 1.0 V/s and in mole fraction of 
FcC11SH χFc,sol = 0.050, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 1.0. Insert is 
the cyclic voltammograms of mixed SAMs atχFc,sol = 0.050 and 0.10. 
 
Fig. 4.3a shows CVs of mixed SAMs SC11Fc / SC11 on Au
TS
 in 1.0 M 
HClO4 electrolyte and the mole fractions (χFc, sol) of SC11Fc in solution are 
0.05, 0.20, 0.40, 0.60, 0.80, 1.00. The CVs of SC11Fc / SC11 SAMs with χFc, sol 
ranging from 0.10 to 0.95 show always two redox peaks (an extra shoulder 
peak). Peak deconvolution was performed for SC11Fc / SC11 SAMs and Fig. 
4.3b shows Epa1 and Epa2 as a function of χFc, sol. For SC11Fc / SC11, Epa1 and 
Epa2 are almost constant when χFc, sol> 0.20, but shift more position (increase) 
as χFc, sol decreases as shown in Fig. 4.3b, e.g. |ΔEpa1| = 45 mV (1 kcal/mol) for 




Figure 4.3: a): CVs of mixed SAMs of SC11Fc / SC11on Au
TS
 in 1.0 M HClO4 electrolyte, a 
Ag/AgCl reference electrode, recorded at a scan rate of 1.0 V/s with χFc, sol = 0.05, 0.20, 0.40, 
0.60, 0.80and 1.00. Insert: CV of mixed SAMs at χFc, sol = 0.05. b): Epa1 and Epa2 of mixed 
SAM of SC11Fc / SC11 as a function of χFc, sol. c). CV of SC11Fc / SCn, n = 9 – 13 at χFc, sol = 
0.05. d). Plotting Epa and ΓFc of SC11Fc / SCn as a function of carbon number n for χFc, sol = 
0.05 e). CV of SC11Fc / SCn, n = 9 – 13 at χFc, sol = 0.50. f). Plotting of Epa and ΓFc of SC11Fc / 
SCn as a function of carbon number n for χFc, sol = 0.50. Peak I is fitted with Gaussian and Peak 
II is fitted with Lorentz function by OriginPro 9.0. The dash lines are for eye guide. 
 
Fig. 4.3c-f show the CVs, Epa and ΓFc of SC11Fc / SCn for n = 9 – 13 at χFc, 
sol = 0.05, 0.50, respectively. At χFc, sol = 0.05, the CV shown in Fig. 4.3c 
consists of broad and asymmetric peaks. The deconvoluted CVs show that the 
values of Epa shift positively when n increases as plotted in Fig. 4.3d. We 
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propose that this dilute SAM the Fc units are far apart (>28  , calculated from 
a simple model indicated in Fig. 4.4 from each other where the Fc-Fc 
interaction are not important and Fc-Cn interactions dominate(Fig. 4.1). This 
positive shift of Epa is in agreement with the observation that with an increase 
of n indicates that Fc units are more difficult to be oxidized showing stronger 
Fc-Cn interaction, in the other words, Fc units are in a more hydrophobic 
environment.  
With the knowledge of the electric double layer effect (applicable only for 
low ΓFc at high electrolyte concentrations, where the charge on the SAM is 
screened by the electrolyte
9
) that has been extensively investigated by 
Creageret al.
9
 and Gooding et al.
13,25
 They found that when n increases, the 
relative permittivity decreases, resulting in a potential increase in the of plane 
of electron transfer (PET; see Section 2.3.3.2). From Fig. 4.3d, we also 
observe that when ΓFc decreases >10 times as n increases, indicating that 
molecules with longer alkyl chain prefer to adsorb onto the surface than 
shorter chains(agreeing with the findings by others
1,3,7
). 
At χFc, sol = 0.50, the CV data show two redox peaks, indicating at least two 
significantly different surrounding environments of Fc moieties in the SAMs. 
Through peak deconvolution, it is found the Epa1 and Epa2are almost constant 
for n = 9-11 but shift positively when n = 12-13. We propose that the peak at 
lower potential Peak I is mainly caused by Fc exposed to the electrolyte, and 
131 
the peak at higher potential Peak II is mainly attributed to Fc partially of fully 
buried. Similarly to χFc, sol = 0.05, Fig. 4.3e also shows that ΓFc decreases ~3 
times as n increases, indicating that molecules length difference still affect the 
adsorption process at χFc, sol = 0.50 but the influence is very small. When χFc, sol 
is high enough, e.g. χFc, sol = 0.95, both the trend of Epa and ΓFc show that the 




Figure 4.4: Model of mixed SAMs of SC11Fc / SCn at χFc,sol= 0.050, with the orange color 
circle stand for -Fc, and the dark and light grey color circle stand for -CH3. The different grey 
color is used for better eye vision. The dark line indicates the geometrical graph used for the 
distance calculation. 
 
SCn and SC11Fc is assumed to be hexagonal packing
1,4,26
 on gold surface 
for which the spacing between CH3-CH3 is 0.50 nm, and Fc-Fc is 0.66 nm.
27
 
For very dilute SAMs with χFc,sol = 0.050, homogeneous structured and 
randomly packed monolayer is expected.
6,7,28
 Therefore, as indicated in Fig. 
4.4, 133 gray circles was drawn standing for SCn and replace 7 of them with 
orange circles standing for SC11Fc. With the number of the distance between 
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CH3-CH3 and Fc-Fc, we are able to calculate the distance between the two –Fc 
in the diluted SAMs (χFc,sol= 0.050) from simple mathematics: ~2.8 nm. 
 
4.2.2 Intermolecular interactions and supramolecular structure 
Fig. 4.5a shows the surface coverage of the Fc units of the mixed SAMs 
SC11Fc / SCn, n = 9 – 13, as a function of χFc, sol. The dashed line is plotted 
where the surface coverage divided by the theoretical full surface coverage of 
SC11Fc ( ≡ χFc, surf) equals to the solution composition, expressed by χFc, surf = 
χFc, sol; this represents ideal value of surface coverage where there is no 
preferential adsorption between two species at any ratio.
29
 We observed the 
deviation of the value of surface coverage from ideal adsorption. The surface 
coverage of Fc units ΓFc tends to increase when the value of n decreases, i.e., 
SC11Fc preferred to absorb when it was diluted with SCn, n = 9, 10 (curve 
presented above the dash line), while less preferred to absorb when it was 
diluted with SCn, n = 12, 13 (curve presented below the dotted line) as 







Figure 4.5: a): surface coverage of Fc unit (ГFc) in the mixed SAMs of SC11Fc / SCn, n = 9 – 
13 as a function of χFc, sol; b): table of χFc,sol for n = 9-13 at same ΓFc.c-d: oxidation peak 
potential Epa1 and Epa2 as a function of carbon number n at same surface coverage ΓFc = 0.5, 
1.0, 2.0, 3.0, 4.0  10-10mol/cm2 for mixed SAM SC11Fc / SCn; e: Schematic illustration of 
SC11Fc / SCnX, n = 9-13 for Peak I and Peak II, relating the structure with intermolecular 
interactions. Iron atoms of ferrocene are shown as orange spheres, carbon atoms are shown as 
blue sticks, and sulfur atoms are shown as deep yellow spheres.  
 
Fig. 4.5b shows mixed SAM SCnFc / SCn the solution concentration Fc,sol 
at the same surface coverage ΓFc, which is obtained from Fig. 4.5a. Peak 
deconvolution of the anodic CV peak was done with the Fc,sol shown in Fig. 
4.5b for n = 9-13 at same ΓFc, and Fig. 4.5c-d shows the peak potential Epa1 
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and Epa2 as a function of carbon number n for mixed SAM SC11Fc / SCn at 





As has been proposed in previous literature, the possible interactions that exist 
in SCnFc / SCn SAMs are Fc-Fc, Fc-Cn and Cn-Cn interactions, which have the 
same interactions as pure SCnFc. These interactions compete with each other 
and lead to the final CV obtained.  
In Fig. 4.5c, for n = 9, we find that Epa1 increases as the ΓFc increases 
(vertical view), indicating higher energy required for oxidation of Fc when ΓFc 
increases, this is probably due to stronger Fc-Fc interaction when ΓFc increases 
and Fc-Fc dominates over Fc-Cn interaction. While for n = 13, Epa1 decreases 
as the ΓFc increases, suggesting lower energy requested for the oxidation of Fc 
when ΓFc increases. This is also caused by the competing interactions of Fc-Fc 
and Fc-Cn. At low ΓFc, Fc-Cn interactions dominate and consequently higher 
energies to break this interaction are needed. At high ΓFc, Fc-Fc interactions 
dominate over Fc-alkyl interactions and the Fc becomes easier to oxidized.  
When n = 11, it was found that all the interactions seem to be similar since 
there is no obvious difference for the Epa1 as ΓFc increases. Therefore, we 
conclude that for mixed SAMs ofSC11Fc / SCn, peaks I and II can be assigned 
as follows: when n< 11, Fc is more exposed to the environment (electrolyte) 
and tend to interact with Fc, i.e. Fc-Fc dominates over Fc-Cn resulting in peak 
I (Fig. 4.5e). When n>11, Fc is partially/fully buried in the alkyl chain and 
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Fc-Cn interaction plays important role, i.e. Fc-Cn dominates over Fc-Fc, and 
peak I dominates. When n = 11, these interactions are similar.  
While for peak II as shown in Fig. 4.5d and E, Epa2 increases as n increases 
from 9 to 13 for all ΓFc mainly attributed to the increase of Fc-Cn interaction. 
Besides, for n = 9, Epa2 increases as ΓFc increases, for n = 10-13, Epa2 decreases 
as ΓFc increases. We suggest that for n = 9, chain length is shorter and Fc-Fc 
interaction may be stronger than Fc-Cn interaction, therefore, as SC11Fc 
concentration increases, Epa2 increases. For n = 10-13, Fc-Cn interactions are 
stronger than Fc-Fc interactions and Epa2 decreases due to less SCn on the 
surface at higher ΓFc, as shown in Fig. 4.5e. 
 
4.2.3 Terminal group effect 
Fig. 4.6a-bshow the CVs of mixed SC11Fc / SCnX SAMs at Fc.sol= 0.50. 
The CVs at all χFc.sol can be found in Fig. 4.7. It was observed that the CVs for 
mixed SAMs of SC11Fc / SC10CH3, SC9C=C and SC11Br show two redox 
waves, which is probably due the less strong interaction between Fc and X; 
while mixed SAM SC11Fc / SC11OH, SC10CN, SC11NO2 and SC10COOH show 
one redox-wave as shown in Fig. 4.6b.  
We believe Fc-X interaction significantly affects the peak appearance. The 
common characteristics of X = OH, CN, NO2 and COOH is probably due to 




the interaction between cation and electronegative X is strong. From the CVs, 
we can conclude that the change of X group changes the microenvironment 
around Fc and affect the electrochemical behavior of Fc SAMs. However, we 





Figure 4.6: a): CV of mixed SAMs SC11Fc / SC10CH3, SC9C=C and SC11Br at χFc.sol= 0.50 on 
Au
TS
 in 1.0 M HClO4 electrolyte at scan rate 1.0 V/s; b): CVs of mixed SAMs SC11Fc / 
SC11OH, SC10CN and SC11NO2 at χFc.sol= 0.50 on Au
TS
 in 1.0 M HClO4 electrolyte at scan rate 
1.0 V/s; c): ΓFc+vs Fc,sol for mixed SAMs SC11Fc / SC10CH3, SC9C=C, and SC11Br; d):ΓFc vs 
Fc,sol for mixed SAMs SC11Fc / SC11OH, SC10COOH; C: SC11Fc / SC10CN, SC11NO2;  
 
During SAM formation, molecules interact with each other and adopt the 
most energy favorable structure. Therefore, the composition of the mixed 
SAMs is under thermodynamic control, and the surface coverage obtained 
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from CV reflects the molecular interaction. Our hypothesis is that the strength 
of the Fc-X interaction depends on the property of the X group: the X groups 
are divided into two categories based on their polarity and hydrophobicity. 
Category I (Cat. I) are hydrophobic groups including –CH3, -C=C, -Br and -Fc; 
Cat. II are polar and hydrophilic groups which are able to form hydrogen 
bonding, including -CN, -NO2, -OH, -COOH. For Cat. II, Fc-X interaction is 
stronger than Cat I due to the increase in dipole and polarity. The strength of 
the Fc-X interaction determines the shape of the CV: i) X is hydrophobic 
obvious extra peaks or small shoulder peaks is observed; ii) X is hydrophilic 
then the Fc-X interaction is strong, a single peak is observed. 
Fig. 4.6c-d shows the surface coverage of mixed SAMs SC11Fc/SCnX as a 
function of Fc.sol. The plots were separated according to above two categories. 
We found that even though the lengths of the diluents are similar, ΓFc 
deriviates from the theoretical (cyan dash) line differently due to thermal 




Figure 4.7: CV of mixed SAMs of a). SC11Fc / SC11, b). SC11Fc / SC11OH, c). SC11Fc / 
SC9C=C, d). SC11Fc / SC11Br, e). SC11Fc / SC10CN, f). SC11Fc / SC11NO2 on Au
TS
 in 1.0 M 
HClO4 electrolyte at scan rate 1.0 V/s and in mole fraction of FcC11SH χFc,sol = 0.050, 0.10, 
0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 1.0. Insert is the cyclic voltammograms of 
mixed SAMs atχFc,sol= 0.050 and 0.10. 
 
4.2.4 Peak potential and double layer effect 
Fig. 4.8b-h shows the corresponding Epa after peak deconvolution as a 
function of Fc.sol. We deconvoluted the oxidation peak into two peaks: Peak I 
is fitted with Gaussian and Peak II is fitted with Lorentzian. Detailed 
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description of peak deconvolution can be found in Section 4.4.6 and the 
deconvoluted CV and peak properties can be found in Appendix. 
Here, the double layer model was used for the explanation of the shift of 
Epa. The detailed description of the double layer can be found in Chapter 2 
section 2.3.3.2, and from equation 2.2, we learnt that with the increase in the 
permittivity of the PET, the formal potential for redox Fc goes to more 
negative potential. 
For Cat. I (X = CH3, C=C and Br), Epais almost constant after Fc.sol> 0.2 
(Epa1 is 0.24~0.30 V, Epa2 is 0.30-0.35 V), and increases as Fc.sol≤ 0.2 (∆Epa1 is 
0.04~0.06 V, ∆Epa2 is 0.07-0.13 V. The increase of Epacan be explained by the 
double layer model using eq. 4.1: the permittivity εPET decrease when Fc.sol 
becomes lower due to the hydrophobicity of X, thus φPET increases, Epa 
increases.  
For Cat. II (X = CN, NO2, OH and COOH), Epa for these mixed SAMs 
increases as Fc.sol increases. As shown in the Fig. 4.8a, Fc.sol decreases, more 
hydrophilic X groups will be at the plane of electron transfer, εPET will 
increase, thus according to eq.2.2,φPET decreases, and a decrease in Epa was 
observed. With the different terminal groups X in Cat. II, we are able to tune 
the oxidation potential of Fc continuously with a maximum of 137 mV by 







Figure 4.8: a): Double layer model of simplified mixed SAM in aqueous 1 M HClO4 
electrolyte; Deconvoluted anodic peak I and peak II potential vs Fc.sol for mixed SAMs of b): 
SC11Fc/SC10CH3; c): SC11Fc/SC9C=C; d): SC11Fc/SC11Br; e): SC11Fc/SC11OH; f): 
SC11Fc/SC10CN; g): SC11Fc/SC11NO2; h): SC11Fc/SC10COOH.  
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4.2.5 Peak width 
Fig. 4.9 depicts the Efwhm as a function of Fc.sol for the mixed SAM 
systems with a single peak. Efwhm indicates the lateral interactions between 
redox moieties with as discussed in Chapter 2 section 2.3.3.4
15,20,28,31
.Efwhm is 
expressed in eq. 2.6, when Tvg = 0, Efwhm = 90.6 mV indicates a Langmuir 
isotherm adsorption where no lateral interaction exists. For attractive lateral 
interactions, Tvg > 0, while for repulsive lateral interactions, Tvg < 0. In 
ideal case, when there is no interaction between redox centers, Efwhm should 
follow 90.6 mV/ n at 25
o
C. However, for experimental case, when Efwhmis less 
than 105 mV, it is considered to be close to the ideal situation
13
. Peak 
broadening has been reported to happen when the surface of the substrate is 
very rough or when the SAM structure is in disorder
14
. For mixed SAM of 
SC11Fc / SC11NO2, Efwhm varies from 80 mV to 100 mV for all dilutions. This 
value is very close to or even smaller than the theoretical number. While the 
Efwhm of mixed SAM SC11Fc / SC11OH and SC11Fc / SC10COOH is always 
higher than other mixed series. This shows with only small change of the 




Figure 4.9: Anodic peak width at half potential vs. Fc.sol for mixed SAMs of SC11Fc/SC11OH, 
SC10CN, SC11NO2, SC10COOH. Dash lines are for eye guide. 
 
4.2.6 Chain length effect for SC11Fc / SCnOH 
The length of SCnOH was also varied to investigate the chain length effect 
for mixed SAMSC11Fc / SCnOH, where n = 9-13. Fig. 4.10a and c show the 
CVs of SC11Fc / SCnOH, n = 9 – 13 at χFc, sol = 0.05 and 0.50. Fig. 4.10b and d 
show the peak potential Epa and the surface coverage ΓFc as a function of n of 
SCnOH. CVs of mixed SAMs of SC11Fc / SCnOH, n = 10, 11, 12, 13 show a 
single redox peak for all χFc, sol, while CVs of SC11Fc / SCnOH SAMs with n = 
9 show an extra shoulder similarly to mixed SAMs SC11Fc / SCn. Due to the 
interaction between Fc-OH, for n = 10-13, no second peak at higher potential 
was observed. While, in the case of the SAMs with short chains of SCnOH, n 
= 9, Fc-OH interactions are weak due to distance, resulting Fc-Cn interactions 
still affect the oxidation of the Fc units and thus the appearance of the shoulder 
peak with χFc, sol from 0.10 to 0.95. 
At χFc, sol= 0.05, CV shows a single peak at lower potential compared to the 
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SAMs diluted with SCn (|ΔEpa1|> 135 mV for n = 10-13, |ΔEpa1| = 32 mV for n 
= 9) while Epa1 increases as n increase except for n = 9. We suggest that a 
reduced Fc-Cn interaction caused by Fc-OH interaction reduces the energy 
required to oxidize Fc, combined with no Fc-Fc interaction (SC11Fc are too far 
away to interact with each other), Fc units are easier to do redox reaction 
(lower peak potential) closer to the peak potential of Fc in water solution (Epa 
is ~0.17 V for FcC4OH).
9
 Fig. 4.10b also shows that ΓFc decreases slightly (for 








) as n 
increases, however, all have much lower (up to 10 times) coverage than 
SC11Fc / SCn series. This shows that despite of length difference between 
SC11Fc and SCnOH, SCnOH is preferentially adsorbed over SC11Fc when both 
molecules are mixed in solution. This preference is probably due to the 
intermolecular interaction (hydrogen bond) between SCnOH is strong. 
At χFc, sol = 0.50, CV show single peak for n = 10 – 13 (stronger Fc-OH 
interaction), while two peaks for n = 9 (weaker Fc-OH interaction) without 
shifting of peak potential when n increase, indicating that Fc-Fc interaction 
dominated the packing of the SAMs caused by strong Fc-OH repulsion. Fig. 
4.10d shows that Epa and ΓFc does not vary much as n increases, this shows 
that the chain length does not affect much in this mixed system when χFc, sol is 
high in agreement with the notion that the electrochemical response is 




Figure 4.10: a) and c): CV of SC11Fc / SCnOH, n = 9 – 13 in 1.0 M HClO4 electrolyte, a 
Ag/AgCl reference electrode, recorded at a scan rate of 1.0 V/s at χFc, sol = 0.05 and 0.50. b) 
and d): Plotting of oxidation potential Epa and total surface coverage ΓFc of SC11Fc / SCnOH as 
a function of carbon number n for χFc, sol = 0.05 and 0.50. 
 
Fig. 4.11a shows surface coverage of Fc units of the mixed SAMs of 
SC11Fc /SCnOH, n = 9 – 13 as a function of χFc, sol. We found that except for n 
= 9, the effect of chain length of the diluent is not obvious. For n = 9, the 
length is short leading to a weak Fc-OH interaction, and thus itbehaves like an 
alkyl diluents. Fig. 4.11c-d show the peak potential Epa1 and Epa2 as a function 
of carbon number n for mixed SAM SC11Fc / SCnOH at same surface coverage 




, respectively. Very different trends 
are observed for this series: i) Epa1 increases as ΓFc increases for n = 9-13; ii) 
the chain length effect is not as obvious as SC11Fc / SCn series, andEpa1 is 




. Our proposal is that Fc-OH 
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interaction causes the different electrochemical behavior of Fc. In Fig. 4.11c, 
for n = 9 (vertical view), the increase of Epa as ΓFc increases is due to the 
stronger Fc-Fc interaction as Fc becomes more concentrated, as for n = 10-13, 
the Fc-Cn interaction is cancelled or partially cancelled by Fc-OH interaction, 
resulting Fc-Fc interaction dominates. From n = 9 to 13 (horizontal view), 




, the increase of Epa1 is around 77 mV maximal, 




 the increase of Epa1 is around 20 mV (0.46 
kcal/mol).We believe that the increase of Epa1 is due to the Fc-Cn interaction 
and the interaction is more stronger at lower ΓFc than higher ΓFc, despite  it 
has been partially cancelled by Fc-OH interaction. In Fig. 4.11d, it was found 
that only at high ΓFc, Epa2 is present. This is because when Fc becomes more 
densely packed, the cancellation of Fc-Cn interaction with Fc-OH will be less, 




Figure 4.11: a): surface coverage of Fc unit (ГFc) in the mixed SAMs of SC11Fc / SCnOH, n = 
9 – 13 as a function of χFc, sol; b): table of χFc,sol for n = 9-13 at same ΓFc.c) and d): oxidation 
peak potential Epa1 and Epa2 as a function of carbon number n at same surface coverage ΓFc = 
0.5, 1.0, 2.0, 3.0, 4.0  10-10mol/cm2 for mixed SAM SC11Fc / SCnOH. 
 
4.2.7 Electrostatic study 
To explore the potential role of electrostatic interactions, mixed SAMs 
SC11Fc / SC11NH2 was also studied. In our case, ClO4
-
 was used as a counter 
ion for Fc since it was proved to bind Fc+ efficiently. Therefore, we change 
the pH of the electrolyte solution by using aqueous HClO4 at low pH and 
aqueous NaClO4 with pH adjusted by NaOH. The charges of –NH2can be 
tuned by adjusting the pH of the electrolyte.  
Fig. 4.12a and b shows the CV of SC11Fc / SC11NH2 at pH = 1 and 11 with 
χFc,sol = 0.1 and 0.5 respectively (black and red line), single peaks are observed 
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at all χFc,sol. However, at pH = 1, when NH2 is protonated to NH3
+
, peaks are 
broader and the peak potentials for redox reaction goes more positive than pH 
=11 especially for low χFc,sol--∆Epa = 60 mV for χFc,sol = 0.1.  
Fig. 4.12c shows once SC11NH2 is added, the peak shifts slightly to more 
positive (Epa (0.95) - Epa (1.0) = 32 mV) and peaks become broader (Efwhm 
(0.95) = 130 mV, Efwhm (1.0) = 108 mV). This shows after incorporating 
SC11NH2 in the monolayer, oxidization of Fc to Fc
+
 became more difficult due 
to electrostatic repulsion. A long tail is observed for all the dilutions while for 
other mixed SAM systems the long tail is only observed at higher percentages. 
This shows that in acid electrolyte, when the NH2 group is acidified to NH3
+
 
group, coulomb repulsion will be important during the oxidation of Fc to Fc
+
 
at all dilutions. While for basic electrolytes as shown in Fig. 4.12d when NH2 
is in its neutral form, we observed that the peak separation ∆Ep (= Epa-Epc) 
becomes close to 0 when χFc,sol = 0.05. Foracidic electrolyte, NH3
+
 is formed at 
the monolayer surface, ∆Ep increases to 62 mV as χFc,sol decreases to 0.05. 







 make Fc more difficult to be oxidized, thus 
more energy is required resulting high peak separation, our result is consistent 





Figure 4.12: The values of Epa and Epc vs. Fc,solof mixed SAMs of a): SC11Fc/SC10COOH 
recorded at pH = 1 in 1.0 M HClO4; b): SC11Fc/SC10COO
-
 measured with pH = 8.41 1.0M 
NaClO4; c): SC11Fc/SC11NH3
+
 measured at pH = 1 in 1.0M HClO4; d): SC11Fc/SC11NH2 
measured with pH = 11.17 1.0M NaClO4. 
 
4.3 Conclusions 
Small changes in microenvironments of molecules in redox-active SAMs 
were found to strongly influence their electrochemical behaviors in terms of 
intermolecular interactions among molecules in SAMs. Therefore, 
understanding a role of intermolecular interactions in SAMs is a key factor to 
understand the origin of electrochemical behaviors of the SAMs. 
The relative chain length of the two components in the mixed SAMs 
greatly affects the SAM packing. Indeed, with even 1-2 carbon difference the 
electrochemical behavior for monolayers is affected: for SCnFc/SCm, when n = 
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m, the intermolecular interactions including Fc-Fc, Fc-Cn are close to each 
other at all surface coverage. When |n-m| =1 or 2, the chain length effect is 
obvious when χFc, sol≤ 0.50, and negligible when χFc, sol> 0.50. With the 
knowledge of the subtle study in the length effect for mixed SAM, we think 
that for the further application of mixed SAMs, it is preferred that the mixed 
components have the same chain length.  
When the diluents are changed to other functionalized alkyl thiols, i.e., 
when X is not CH3, it was found that the intermolecular interactions are 
significantly changed and we cannot relate the electrochemical behavior to 
monolayer structure. For instance, when the head group is changed to SC11Fc / 
SCnOH, it was found that the chain length effect is less influential than for 
SC11Fc / SCn series. As expect for n=9, single peaks are obtained for all χFc, sol. 
This shows that the Fc-OH interaction lead to different electrochemical 
behavior of Fc. 
Our results show that for mixed SAMs, we need to carefully choose the 
diluent for electron transfer study. It is preferred that the addition of the diluent 
does not change the intermolecular interactions of the functional monolayer, 






4.4.1 General experimental procedures. 
All regents were purchased from Sigma-Aldrich, Alfa Aesar or PI 
Chemicals. Magnesium sulfate was purchased from Alfa Aesar. 
13-bromo-1-tridecanol and 14-bromo-1-tetradecanol were purchased from PI 
Chemicals. All other chemicals used were from Sigma-Aldrich. 
9-mercapto-1-nonanol, 11-mercapto-1-undecanol and 1-undecanethiol were 
purchased from Sigma-Aldrich. 1-nonanethiol, 1-decanethiol and 
1-dodecanethiol were purchased from Alfa Aesar. Chemicals were used 
without any purification except for thiol compounds which were either 
purified by column or recrystallized from ethanol. Thiols not commercially 
available were synthesized from their bromo derivatives respectively. Thin 
layer chromatography (TLC) glass plates (0.25nm silica gel 60) were used to 
follow the reactions and the spots were made visible I2 bath. Column 
chromatography was performed with silica gel (Sigma-Aldrich, 60Å/40-63 
µm), normally for the final thiol compound, AR grade solvent are 




C NMR spectra were recorded on 
a Bruker Avance 300 MHz spectrometer using CDCl3 as the solvent, Gas 
chromatography mass spectra (GC-MS) were recorded on Agilent 
Technologies 7890A GC system plus 5975C MS system. Electrospray 




4.4.2 Synthesis of compounds. 
4.4.2.1. General procedure for transferring (CH2)nBr to (CH2)nSH 
1-bromo tridecane (1 g, 3.82 mmol, 1 equiv.), thiourea (0.44 g, 5.73 mmol, 
1.5 equiv.) and 20 mL ethanol were mixed and refluxed under N2 for overnight. 
Then potassium hydroxide (0.32 g, 5.73 mmol, 1.5 equiv.) in 5 mL degassed 
DI water was added and refluxed for further 1h. Extract the mixture with 
diethyl ether, the organic ether layer was dried with MgSO4 and concentrated. 
The raw product was purified with pure hexane to get pure product. Yield: 68% 
(0.56 g, 2.60 mmol). 
1
H-NMR (300 MHz, CDCl3):δ0.88 (t, J =7.2 Hz, 3H, 
-CH2-CH3), 1.26-1.40 (m, 20H, -(CH2)10-CH2CH2SH), 1.58-1.66 (m, 2H, 
-CH2-CH2SH), 2.52 (q, J =7.2 Hz, 2H, -CH2-SH)ppm. 
13
C-NMR (75 MHz, 
CDCl3):δ = 14.04(-CH3), 22.62, 24.59, 28.32, 29.02, 29.28, 29.46, 29.53, 
29.58, 31.85, 33.99. GC-MS: exact mass calcd.: 216.19, found: (-SH). 
 
4.4.2.2. General procedure for transferring HO(CH2)nBr to HO(CH2)nSH 
HO(CH2)nBr (2.1 mmol, 1 equiv.), thiourea (3.2 mmol, 1.5 equiv.), 
potassium iodine (1.1 mmol, 0.5 equiv.) and 10-20 mL degassed ethanol were 
mixed and refluxed under N2 for overnight. Then sodium hydroxide (3.2 mmol, 
1.5 equiv.) in 10 mL degassed DI water was added and refluxed further for 1h. 
152 
After cooling down, the reaction mixture was neutralized with 1M HCl a.q. till 
pH ~ 1. Extract with diethyl ether and the ether layer was dried with MgSO4 
and concentrated. The raw product was purified by column with hexane : ethyl 
acetate = 5 : 1.  
 10-mercaptodecanol (HO(CH2)10SH): 
1
H-NMR (300 MHz, CDCl3):δ 
1.26-1.40 (m, 12H, -(CH2)6-CH2CH2SH), 1.55-1.64 (m, 4H, -CH2-CH2SH and 
-CH2-CH2OH), 2.52 (q, J =7.5 Hz, 2H, -CH2-SH), 3.64 (q,J =6.3 Hz, 2H, 
-CH2-OH)ppm. 
13
C-NMR (75 MHz, CDCl3):δ = 14.04(-CH3), 24.79, 25.86, 
28.50, 29.19, 29.53, 29.57, 29.65, 32.93, 34.17, 63.21(-C-OH)ppm. GC-MS: 
exact mass calcd.:190.14, found: (-SH). 
12-mercaptododecanol (HO(CH2)12SH): 
1
H-NMR (300 MHz, CDCl3):δ 
1.26-1.40 (m, 16H, -(CH2)8-CH2CH2SH), 1.55-1.64 (m, 4H, -CH2-CH2SH and 
-CH2-CH2OH), 2.52 (q, J =7.5 Hz, 2H, -CH2-SH), 3.64 (q,J =6.2 Hz, 2H, 
-CH2-OH)ppm. 
13
C-NMR (75 MHz, CDCl3):δ = 24.81, 25.89, 28.53, 29.22, 
29.58, 29.65, 29.70, 29.74, 32.98, 34.20, 63.27(-C-OH)ppm. GC-MS: exact 
mass calcd.: 218.17, found: (-SH). 
13-mercaptotridecanol (HO(CH2)13SH): 
1
H-NMR (300 MHz, CDCl3):δ 
1.26-1.40 (m, 18H, -(CH2)9-CH2CH2SH), 1.52-1.65 (m, 4H, -CH2-CH2SH and 
-CH2-CH2OH), 2.52 (q, J =7.2 Hz, 2H, -CH2-SH), 3.65 (q,J =6.6 Hz, 2H, 
-CH2-OH)ppm. 
13
C-NMR (75 MHz, CDCl3):δ = 24.80, 25.90, 28.53, 29.22, 
29.58, 29.66, 29.72, 29.75, 32.98, 34.20, 63.25(-C-OH)ppm. GC-MS: exact 
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mass calcd.: 232.19, found: (-SH). 
14-mercaptotetradecanol (HO(CH2)14SH): 
1
H-NMR (300 MHz, CDCl3):δ 
1.26-1.40 (m, 20H, -(CH2)10-CH2CH2SH), 1.55-1.63 (m, 4H, -CH2-CH2SH 
and -CH2-CH2OH), 2.52 (q, J =7.5 Hz, 2H, -CH2-SH), 3.64 (q,J =6.2 Hz, 2H, 
-CH2-OH)ppm. 
13
C-NMR (75 MHz, CDCl3):δ = 24.81, 25.89, 28.54, 29.23, 
29.58, 29.67, 29.73, 29.76, 29.77, 32.98, 34.20, 63.26(-C-OH)ppm. GC-MS: 
exact mass calcd.: 246.20, found: (-SH) 
 
4.4.2.3. Synthesis of 10-undecene-1-thiol 
10-undecene-1-thiol was synthesized according to literature
32
 with mild 
modification. 11-bromoundecene (1g, 4.29mmol) and 35 mL absolute ethanol 
were added to a 100 mL 3-necked round bottom flask. The solution was 
degassed with N2 for 15 min. Then under N2 protection, thiourea (0.49g, 
6.44mmol) was added and the mixture was refluxed at 95℃ under N2 for 
overnight. KOH (0.36g, 6.44mmol) in 15mL degassed DI water was added 
and refluxed for further 1h. After cooling down, diluted hydrochloric acid 
solution is added till the mixture become slightly acidic and ether was used to 
extract and separated from aqueous waste. After drying over MgSO4 and 
concentrated with rotary evaporator, the colorless liquid was purified by 
column with pure hexane as eluent for twice (first fraction is the compound, 
however, since it is colorless, TLC monitoring the whole process is need, and 
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the spots were made visible with I2 bath). The final yield of the compound is 
56% (0.45g, 2.42mmol).
1
H-NMR (300 MHz, CDCl3): δ 1.28-1.42(m, 12H, 
-(CH2)6-CH2-CH2SH) , 1.61(p, J = 7.5 Hz, 2H, -CH2-CH2SH), 2.04(q, J = 7.2 
Hz, 2H, -CH2-CH=C-), 2.52(q, J = 7.2 Hz, 2H, -CH2-SH), 5.02-4.91(m, 2H, 
CH2=C-), 5.88-5.74 (m, 1H, CH2=CH-C)ppm. 
13
C-NMR (75 MHz, CDCl3): δ 
= 24.79, 28.50, 29.04, 29.19, 29.23, 29.54, 29.59, 29.83, 33.92, 34.18, 
114.26(C=CH2), 139.35(C=CH2)ppm. GC-MS: exact mass calcd.:186.14, 
found:185.1 
 
4.4.3 Ultra-flat template surfaces. 
We use template-stripped gold with roughness in the range of 0.4 to 0.6 nm 
(over an area of 2.0   2.0 μm2) to prepare SAMs. Fig. 4.13 shows the AFM 
image of the Au
TS
 with RMS roughness 0.45 nm. The preparation procedure 
for the Au
TS
 can be found in literature
33




Figure 4.13: The AFM image of the Au
TS
 used for SAM formation. 
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4.4.4 SAM preparation 
The 1.0 mM of ethanolic solution of mixed SAM SC11Fc / SCnX were 
prepared in the ratios of mole fraction of SCnFc (≡ χFc, sol) = 0.05, 0.10, 0.20, 
0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 1.00. We first prepared 1.0 mM 
stock solution of HSCnFc and HSCnX respectively, and then according to χFc, 
sol, we mixed both components with micropipette. The solutions were purged 
with N2 gas for 15 min prior immersion of Au
TS
 substrates. The SAMs were 
formed for 3 h at room temperature. The substrates were thoroughly rinsed by 
EtOH and dried in a stream of N2 gas.
33
 The accuracy of the final mixed 
solution was limited by the concentration of stock solutions which we use 
analytical balance to weigh the thiol compounds, and the volume of each 
component which we used micropipette, the estimated error was ± 5%. 
 
4.4.5 CV measurement 
A custom built electrochemical cell was used, which is equipped with 
platinum counter electrode, an Ag/AgCl reference electrode and the Au
TS
 
substrates (see Fig. 4.23 for the AFM image) were served as a working 
electrode. CVs were recorded in an aqueous solution of 1.0 M HClO4 from 
-0.1 V to 0.9 V at scan rate v = 1.00, 0.50, 0.20, 0.10 V/s using an AUTOLAB 




 substrates were 
immersed within 5 s after template-stripping in 3 mM ethanolic solutions of 
156 
SAM precursors under an atmosphere of N2. These ethanolic solutions were 
purged with N2 gas for 15 min before the immersion of substrates. 
 
4.4.6 Peak deconvolution 
The voltammetric peaks were analyzed using the Gaussian-Lorentz 
combination by OriginPro 9.0 software as described in detail by Lee et 
al.
12,14,28
 Anodic peaks are used for peak deconvolution, for which Peak I is 
fitted with a Gaussian function, peak II is fitted with a Lorentz function. For 
all the fitting, the adjusted R-square is always > 0.99 except for very low 
concentration of Fc, which has low current signal, causing low R
2
 values. 
From each peak, we obtained their anodic peak potential (Epa1 for Peak I, Epa2 
for Peak II) and other parameters for further analysis. All the peak fittings can 
be found in the Appendix. 
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Charge Transport through Mixed Self-Assembled 
Monolayers of Ferrocene Terminated and non-Redox 




Abstract: Molecular electronics promisesdownsizing electronic devices but its 
poor performance makes it difficult to identify applications. The main 
challenge is to identify the reasons of the poor electronic performances far 
below the expectations after integration of properly designed molecules into 
hybrid supramolecular devices. In this chapter, mixed self-assembled 
monolayers (SAMs) was formed with molecules that rectify current (ferrocenyl 
undecanethiol, HSC11Fc) and molecules that do not rectify (undecanethiol 
HSC11 and its derivatives, HSC11X, where X = NH2 and NO2) once 
incorporated in EGaIn junctions. By varying the surface fraction of the 
SC11Fc of the SAM, we find the reduction of surface density of SC11Fc reduces 
the rectification ratio exponentially. We propose that capacitive coupling 





Self-assembled monolayers (SAMs) are nowadays widely used to study 
the mechanisms of charge transport across electrode—molecule interfaces 
where the electrode can be an (organic) semiconductor, metal, or liquid (in 
electrochemical studies). Often, the mechanisms of charge transport are 
studied in a physical-organic approach to study, for example, how a systematic 
change in the chemical structure of the SAM-precursor, the SAM-structure, 
and/or electrode materials, alters the observed charge transport rates. These 
studies are challenging to carry out as usually altering one component of these 
hybrid systems usually also result in change in all other components. For 
example, a small change in the SAM precursor may alter the 
molecule—molecule and molecule—electrode interactions, and, consequently, 
the supramolecular structure of the SAM which in turn also influences the 
electronic structure (e.g., surface dipole, or molecule—electrode coupling 
strength). In junctions of the form electrode—SAM—electrode are even more 
complex as in these systems two molecule—electrode interfaces have to be 
considered.  
To add complexity to the problem, most studies involve rather complex 
SAM structures
1-5
 with chemical functional groups that are redox-, light-, or 





 . These functional groups, however, alter the 
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substrate—molecule lattice mismatch, etc. For example, we showed that the 
performance of molecular diodes with SAMs of the form S(CH2)nFc (Fc = 
ferrocene, henceforward abbreviated as SCnX with X = Fc) was greatly altered 
induced by a small change in the topography of the electrode that supports the 
SAM, the purity of the SAM precursor, or the molecule-molecule interaction, 
in molecular diodes resulting in devices suffering from low yields and 
reproducibility that mainly result from the supramolecular packing not as well 
as the SAMs of n-alkanethiolates (or in short SCn), which is one of the most 
well studied SAMs because of the simplicity from their structure. Indeed, the 
complexities combinations of intermolecular interactions between the 
molecules, e.g. dipole-dipole interactions,
13,14
 van der Waals interactions
6,15,16
 
between the alkyl chains and functional groups, emerge a need to deconstruct 
the interactions to simplify the interpretation between supramolecular structure 
and electronic performances. To solve these problems, mixed SAMs are 
proposed, with typically non-functionalized saturated alkanethiolates are the 
diluting agent to deconstruct the interaction between the interested 
functionalized molecules, which is a promising platform to study the role of 
intermolecular interactions inside tunneling junctions in a controlled manner.  
Here, we studied the charge transport of mixed SAM SC11Fc / SCnX (X = 
-CH3, -NO2, -NH2), where we also vary the mole fraction of SC11Fc in mixed 
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solution (≡ Fc,sol). GaOx/EGaIn (oxide layer is roughly 0.7 nm) was used as 
the top-electrode
17-19





 to measure the electric feature through the mixed SAMs 
(see Fig. 5.1a). We observed that the value of R decays exponentially with the 
decrease of Fc,sol. Additionally, since SAM//GaOx interface has no significant 
effect on pure SAMs of SCnX, 
20-22
 while in our experiment, it was found that 
for mixed SAMs SC11Fc / SCnX (X = -CH3, -NH2, -NO2), significant 
difference in R is observed, therefore we believe the interaction between Fc 
and –X ( X = CH3, NH2, NO2) affect the charge transport of the mixed SAMs. 
Supramolecular interactions in organic electronics, for instance π-π or van 
der Waals interaction, are shown to be very important for the performance of 
the organic devices.
23,24
 However, there are not many studies focused on the 
influence of supramolecular interactions of the SAM on the performance of 
molecular electronic junctions. Small changes e.g. SCn SAMs, where 0.4-0.6 
kcal/mol changes in the packing energy of nodd and neven will cause difference 
in tunneling current.
25
 Besides structure the electronic performance can be 
influenced by the supramolecular packing, for instance, through one carbon 
change for the alkyl chain attached to Fc, odd-even effect of charge transport 
is found due to the tilt angle difference of Fc: junctions with SAMs of SC11Fc 
in the form Ag
TS
-SC11Fc//GaOx/EGaIn are molecular diodes with rectification 
ratio (R) as high as ~ 1 × 10
2
 (R ≡ |J(-1.0 V)|/|J(+1.0 V)|)6, while R decreases a 
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factor of 10 for SC10Fc SAM composed junctions. We found this form of 
molecular diodes can only rectify current when the molecules are densely 





 Mixed SAMs, on the other hand, change molecular 
interactions in monolayers through controlling of mixed components and 
relative concentration, introducing a very unique and easy way of tuning from 
supramolecular interactions and packing properties, and potentially, the 
electrical characteristics of junctions. It is interesting to see if the diodes still 
rectify in mixed SAM systems and how this rectification will be affected.  
The Fc SAMs have been used as a model system for the study of charge 
transport in molecular electronic because the SAM structure and packing of 
redox Fc SAMs have been widely studied by wet electrochemistry and the Fc 
units are remarkably stable. Chidsey et al. studied the co-adsorption of 
SCmCO2Fc / SCn (m = 11, n = 10 and m = 16, n = 16) and SC16Fc / SC16, and 
found that the different polarity of the linking group between Fc and SCn can 
lead to broadened peaks, which indicates strong intermolecular interactions or 
segregated packing structure.
27
 Subsequently, Creager, S. E. and Rowe, G. K. 
et al.
28-32
 performed a very detailed cyclic voltammetry (CV) study of mixed 
SAM SC6Fc / SCn (n = 3, 5, 7, 11), and SC6Fc / SC6X (X = OH, CN, -Br). 
They found that the formal redox potential for Fc/Fc
+
 shifts to more positive 
compared to the bulky solution of Fc derivative, influenced by both n and X. 
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The shifts are attributed mainly to solvent and double layer effects.
 30-32, 35-36
 
Lee et al. studied the redox properties of mixed SAM SC12Fc / SC10 and 
proposed the “isolated” and “clustered” Fc structural model for the multipeaks 
observed in CV.
33
 Rudnev et al. related the electrochemical behavior for Fc 
SAM with both intermolecular interactions and the monolayer packing.
34,35
 
Intermolecular coupling always plays an important role in charge transport. 
For instance, Finklea et al.
36
 found that the electronic coupling exist between 
the redox and adjacent non-redox component, resulting multiple electron 
tunneling paths. Napper et al.
37
 suggested that the change of non-redox diluent 
in mixed system will result a measureable change in electron transfer rate, 
caused by intermolecular electronic coupling.  
The molecular junctions conducted on mixed SAMs, are rare. Katsouras et 
al. studied the mixed SAMs of SC12 / SC18 and concluded that the resistance of 
these mixed SAMs is exponentially depended on the average thickness of the 
SAMs that estimated by the mixing ratio of two thiolates.
38
 The authors took 
the solution composition as the mole fraction of the monothiol on surface, 
which is questionable since it has been demonstrated by Bain et al.
15
 that for 
mixed SAMs, solution composition may not be consist with surface 
composition when the two components are different.  
We show the energy diagram for the explanation of mechanism of the 
rectification in Fig. 5.1b.
39,40
 At negative bias (-1.0 V), sequential tunneling 
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takes place, and the (CH2)11 part acts as the only tunneling barrier (     , 13 
 ); while at positive bias (+1.0 V), direct tunneling takes place, and tunneling 
barrier is the whole molecule (         , 19.7  ). Thus, the tunneling 
barrier at +1.0 V is larger than at -1.0 V, resulting rectification between 
different bias (a large current at on-state, -1.0 V, and small leakage current at 




Figure 5.1. Left: Schematic illustration of the junctions with mixed SAMs of different 
headgroups. Right: Energy level diagrams of the junctions: the blue arrow indicated sequential 
tunneling at when applied negative bias and the orange arrow indicated direct tunneling when 
applied positive bias. 
 
5.2 Results and Discussion 
5.2.1 Electrochemical Characterization of mixed SAMs 
Fig. 5.2a-c showed the CV of mixed SAM SC11Fc / SC11, SC11Fc / 
SC11NH2, SC11Fc / SC11NO2 at different values of χFc,sol. The surface coverage 
ΓFc was determined with eq. 5.1 where Qtot is the total charge by integration 
from CV, n is the number of electrons involved in the redox reaction (here n = 
1), F is Faraday constant (F = 96485 C/mol), and A is the surface area of the 
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working electrode in contact with the electrolyte (A = 0.33 cm
2
 in this 
experiment). As listed in Table 5.1, we obtained ΓFc = 4.40 ± 0.12 
    -   mol/cm2 for χFc,sol = 1 (the error represents standard derivation). This 
value is consistent with previously reported values and close to the theoretical 
value of 4.5  10-10 mol/cm2 based on the packing of the SAM with Fc 
terminal groups that treated the Fc units as spheres with a diameter of 6.6 Å 
with hexagonal packing on surfaces.
27,41
  
ΓFc = Qtot / nFA                          (5.1) 
 
Table 5.1. Surface coverage, surface composition and peak potentials of Fc from CV of mixed 
SAM SC11Fc / SC11. 
χsol,Fc 
ΓFc  
(       mol/cm2) 
χsurf,Fc
 
Peak Ia  Peak IIa 
Epa1 (mV) Epc1 (mV)  Epa2 (mV) Epc2 (mV) 
1.0 4.40 ± 0.12 0.98 ± 0.03  291 ± 4 271 ± 3   357 ± 12 325 ± 8 
0.95 3.81 ± 0.05 0.85 ± 0.01 288 ± 9 269 ± 10  344 ± 10 323 ± 7 
0.9 3.67 ± 0.08 0.82 ± 0.02 293 ± 5 278 ± 7  355 ± 13 341 ± 10 
0.7 2.68 ± 0.03 0.60 ± 0.01 288 ± 1 278 ± 3  341 ± 3 333 ± 4 
0.5 2.30 ± 0.14 0.51 ± 0.03 284 ± 2 270 ± 1  344 ± 4 324 ± 5 
0.3 1.65 ± 0.13 0.37 ± 0.03 288 ± 1 275 ± 4  351 ± 6 318 ± 3 
0.1 0.44 ± 0.04 0.10 ± 0.01 319 ± 5 297 ± 2  433 ± 5 407 ± 7 
aPeak I and Peak II are deconvoluted from cyclic voltammograms using a Gaussian-Lorentzian function. 
Peak I is fitted with Gaussian function, and Peak II is fitted with Lorentzian function. The fitted curve is 




Figure 5.2. a) CV of mixed SAMs SC11Fc / SC11 with χFc,sol  = 1.0, 0.95, 0.90, 0.70, 0.50, 0.30 
and 0.10, b) CV of mixed SAMs SC11Fc / SC11NH2 with χFc,sol  = 1.0, 0.95, 0.90, 0.50, 0.30 
and 0.10, c) CV of mixed SAMs SC11Fc / SC11NO2 with χFc,sol  = 1.0, 0.95, 0.90, 0.80, 0.70, 
0.5 and 0.20 on Au
TS
 in 1.0 M HClO4 electrolyte at scan rate 1.0 V/s. d) Plot of χFc,surf  as a 
function of χFc,sol for the three mixed SAM systems. The dashed line indicated theoretically 
χFc,sol = χFc,surf. The solid line is for eye guide. The error bars are standard derivations. 
 
5.2.1.1 Mixed SAMs of SC11Fc / SC11 
Fig. 5.2a shows the CV of mixed SAM SC11Fc / SC11 at χFc,sol = 1.00, 
0.95, 0.90, 0.70, 0.50, 0.30, 0.10. We observed that when the Fc SAMs were 
diluted, a second peak appears which indicates that the Fc units are in at least 
two distinctive electrochemical environments. The signals in the CV data was 
deconvoluted, using Gaussian-Lorentzian fits to the anodic and cathodic peaks 
(after base-line correction), following a procedure by Lee et al.,
33
 see Fig. 5.3 
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and the peak potentials for peak I and peak II (Epa1 and Epa2) are shown in 
Table 5.1. Epa1 and Epa2 are almost constant for χFc,sol ≥ 0.3, but shift positively 
for χFc,sol = 0.1 by 30 mV for Epa1 and 80 mV for Epa2, indicating that Fc 
becomes more difficult to be oxidized. This result is different from Lee et al.’s 
paper but can be explained with Creager et al.’s findings: the relative chain 
length difference between SCmFc and SCn influences the intermolecular 
interactions.
28,33
 In Lee’s paper, m = 12, n = 10, there is 2 carbon difference, 
while in our case, m = n = 11, we have shown the effect of one or two carbon 




Figure 5.3. The peak deconvolution and residual plots of the anodic peaks (A-G) and cathodic 
peaks (H-N) of mixed SAMs SC11Fc / SC11 at χFc,sol = 0.10, 0.30, 0.50, 0.70, 0.90, 0.95, 1.00 
respectively.  
 
5.2.1.2 Mixed SAMs of SC11Fc / SC11NH2 
Fig. 5.2b shows the CV of mixed SAM SC11Fc / SC11NH2 at χFc,sol = 1.00, 
0.95, 0.90, 0.50, 0.30 and 0.10. We found that the peak is very asymmetric 
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with a long tail at high potential. Epa is more positive than other mixed systems, 
which is due to the capacitive coupling between the Fc groups and NH2 groups 
when Fc is oxidized. Besides, the broadening of peaks are probably due to the 







5.2.1.3 Mixed SAMs of SC11Fc / SC11NO2 
Fig. 5.2c shows of mixed SAM SC11Fc / SC11NO2 at χFc,sol = 1.00, 0.95, 
0.90, 0.80, 0.70, 0.50 and 0.20. We observed single redox peak for almost all 
χFc,sol. As χFc,sol decreases, the CV peaks becomes more close to a Gaussian 
distribution,
42,43
 with Efwhm as low as 77 mV for χFc,sol = 0.20, this value is 
even lower than the theoretical value of 91 mV at 25C when no lateral 
interactions exist between redox groups.
44
 We believe that the lower Efwhm 
value than theory indicated the strong capacitive coupling between Fc and 
NO2.  
Simple non-redox molecules were used as diluting agent, which has been 
reported to be more densely packed than Fc SAMs,
45,46
 the difference of 
surface coverage of Fc SAM and simple SAM is a factor of 2. Therefore, 
alkanethiols are able to fill the spaces under the large Fc headgoups, and with 
the use of smooth surfaces which help to maximize the intermolecular packing 
between alkyl chains, mixed SAMs used in this study pack better than pure Fc 
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SAMs. This facilities our further charge transport study of mixed SAMs. Fig. 
5.2d plotted the relation between χFc,surf and χFc,sol. The dashed line is when 
χFc,surf equals to χFc,sol.
15,27
 With the knowledge of the composition of Fc 
molecules on surface, we are able to study the charge transport through mixed 




5.2.2 “EGaIn” Junction measurement of mixed SAMs 
5.2.2.1 SC11Fc / SC11 
To explore the effect of diluting the SAMs on rectification ratios and 
leakage currents, Ag
TS
-mixed SAM//GaOx/EGaIn junctions were fabricated 
where mixed SAMs refer to SC11Fc / SC11 with χFc,sol = 1.0, 0.95, 0.9, 0.7, 0.5, 
0.3, 0.1 and 0. We collected and analyzed statistically large sets of J(V) data 
(456-528 traces) following previously reported procedures.
6,39
 Through 
Gaussian fitting of log10|J| at each voltage, we obtained the average value of 
log10|J| for each applied which was used to form the log-average J(V) curves. 
This procedure was repeated for all χFc,sol values and the results are plotted in 
Fig. 5.5a (see Fig. 5.4 for J(V) curves with the log-standard deviation σlog). 
The log-average value of R (Table 5.2) was determined by plotting R obtained 
for each J(V) curve at ±1.0 V in histograms (see Fig. 5.4 for all the histograms) 




Figure 5.4: The Average log|J|-V curves of Ag
TS
-mixed SAM(SC11Fc/ SC11)//GaOx/EGaIn 
junctions and histograms of the value of R (R = |J(-1.0 V)|/|J(+1.0 V)|), the black lines are the 




Figure 5.5. a) the average log10|J|(V) curves for junctions of mixed SAMs SC11Fc / SC11 at 
χFc,sol = 0, 0.10, 0.30, 0.50, 0.70, 0.90, 0.95, 1.0; b) Plotting of current density at +1.0 V and 
-1.0 V for SC11Fc /  SC11 as the χFc,sol increases, the dashed line is for eye guide; c) the 
average log10|J|(V) curves for junctions of mixed SAMs SC11Fc /  SC11NH2 at χFc,sol = 0, 0.10, 
0.30, 0.50, 0.90, 0.95, 1.0; d) Plotting of current density at +1.0 V and -1.0 V for SC11Fc /  
SC11NH2 as the χFc,sol increases, the dashed line is for eye guide; e) the average log10|J|(V) 
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curves for junctions with mixed SAMs SC11Fc/SC11NO2 of χFc,sol = 0, 0.20, 0.50, 0.70, 0.80, 
0.90, 0.95, 1.0; f) Plotting of current density for SC11Fc/SC11NO2 at +1.0 V and -1.0 V as the 
χFc,sol increases; g) R as a function of χFc,surf for the three mixed systems, the dashed dot curves 
are exponential fittings of the experimental points. 
 
 
Table 5.2. Statistics for Ag
TS
-mixed SAM(SC11Fc/ SC11)//GaOx/EGaIn junctions and the 











Yieldc (%) R (σlog
d) dmix ( ) dmix
’ ( ) 
1.00  0.98 22 3 528 86.4 1.0 × 102(0.43) 19.70 
19.70 
0.95 0.85 20 0 482 100.0 1.0 × 102(0.16) 19.69 18.70 
0.90 0.82 22 2 528 90.9 70.2(0.33) 19.16 18.49 
0.70 0.60 20 0 480 100.0 38.9(0.31) 18.31 17.02 
0.50 0.51 21 1 504 95.2 28.6(0.42) 17.86 16.41 
0.30 0.37 19 0 456 100.0 11.4(0.34) 16.53 15.48 
0.10 0.10 20 1 480 95.0 6.8(0.21) 15.78 13.67 
0  0 22 0 486 100.0 0.4(0.16) 13.10 13.10 
aA short is defined when the value of J exceeded 102 A/cm2 (the compliance value of J of our instrument) 
while recording 20 J(V) scans. bThe number of J(V) traces of the AgTS-mixed SAM(SC11Fc / 
SC11)//GaOx/EGaIn Junctions. 
cThe yield is defined as the number of junctions minus the number of 
shorts divided by the number of junctions. dThe σlog is the log-standard derivation. 
 
Fig. 5.5b shows that log10|J| at +1.0 V increases when χFc,sol increases, 
while log10|J| remains roughly constant at -1.0 V except for χFc,sol = 0. The 50% 
decrease of log10|J| (one magnitude decrease in |J|) from χFc,sol = 0 to 0.1 shows 
that the Fc molecules are involved in charge transport even at this low 
concentration and its longer length attributes to the decrease in tunneling 
current. Table 5.2 shows that R decreases as χsurf,Fc decreases. From these 
observations we conclude that the diodes cease to rectify because of an 
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increase in the leakage current (i.e., the current that flow across the junctions 
when the diodes block the current at positive bias). 
5.2.2.2 Terminal group effect 
The effect -X of alkanethiols as diluent for the Fc SAMs was also studied. 
Fig. 5.5c and 5.5e shows the log10|J| vs V for mixed SAM SC11Fc / SC11NH2 
and SC11Fc / SC11NO2 composed junctions at different χFc,sol (see the J-V 
curves from Fig. 5.6 and 5.7 and the statistics from Table 5.3 and 5.4). We 
found that the rectification for both –NH2 and –NO2 termini results in very 
low rectification when χFc,surf decreases as shown in Fig. 5.5g. A drastic 
decrease in R is observed even when only 5% of SC11X (X = –NH2 or –NO2) 
was added.  
We rationalize this decrease in R as follows: the structure of the SAMs as 
well as the intermolecular interactions is varied for different –X groups. From 
the CV response of these three mixed SAMs, it is believed that Fc is more 
dispersed for SC11Fc / SC11X (X = NH2 or NO2) than SC11Fc / SC11 system. 
With the difference in monolayer packing, during charge transport, 
intermolecular interaction of Fc-X would cause electronic coupling and thus 
lead to high leakage current.  
One the other hand, the dipole of CH3, NH2 and –NO2 is +0.4 D, +2.0 D 
and -3.0 D respectively,
47
 where “+” means pointing towards substrate, “-” 
means pointing away from the substrate. The dipole of Fc is close to zero, 
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which is close to –CH3. Due to the different dipole of the –X group, the dipole 
interaction of –X with –Fc will be different. According to the results from 
Whitesides’ group20-22, the –X group used here does not affect the tunneling 
rate through junctions, the Fc-X interaction must play important role to affect 
the injection current for mixed monolayer. We find that for all series, the 
leakage current increases as χFc,sol decreases, while the tunneling current does 
not vary much for the negative bias.  
As shown in Fig. 5.5d and 5.5f, the leakage current for X = -NH2 and 
–NO2 is much higher than –CH3. We believe when charge goes through these 
mixed SAMs the Fc termini are oxidized to Fc
+
 and couple capacitively to 
NH2 or NO2 resulting in large leakage currents. It was found that for –NO2, 
which has higher and opposite dipole compared with the other two a very low 
rectification once it was mixed to SC11Fc (χFc,sol = 0.95, R = 15.7). The drastic 
decrease in R is not our desire for diluting SC11Fc with non-redox SC11X, 
therefore, we propose that to maintain the property of the functional molecule 
in mixed SAM, the proper diluent should have same structure as alkyl part of 





Figure 5.6: The Average J-V curves of Ag
TS
-mixed SAM(SC11Fc / SC11NH2)//GaOx/EGaIn 
junctions and histograms of the value of R (R= |J(-1.0 V)|/|J(+1.0 V)|), the black lines are the 
Gaussian fits to these histograms. 
 
Table 5.3. Statistics for Ag
TS






















1.0 (SC11Fc) 22 3 528 86.4 104(0.43) 
0.95 20 3 482 85.0 25.7(0.67) 
0.9 21 3 504 85.7 14.5(0.54) 
0.5 21 2 464 90.4 0.5(0.27) 
0.3 20 0 423 100 0.5(0.12) 
0.1 24 1 512 96 0.3(0.18) 
0 (SC11NH2) 22 1 520 95 0.5(0.29) 
a




 (the compliance value of J of our 
instrument) while recording 20 J(V) scans. 
b





The yield is defined as the number of junctions minus the 
number of shorts divided by the number of junctions. 
d






Figure 5.7: The Average J-V curves of Ag
TS
-mixed SAM(SC11Fc / SC11NO2)//GaOx/EGaIn 
junctions and histograms of the value of R (R= |J(-1.0 V)|/|J(+1.0 V)|), the black lines are the 
Gaussian fits to these histograms. 
 
Table 5.4. Statistics for Ag
TS






















1.0 (SC11Fc) 22 3 528 86.4 104(0.43) 
0.95 20 2 480 90.0 15.7(0.57) 
0.9 20 4 480 80.0 4.3(0.54) 
0.8 21 0 448 100 5.0(0.36) 
0.7 15 0 318 100 1.05(0.18) 
0.5 18 2 432 88.9 0.89(0.49) 
0.2 18 3 366 83 0.84(0.06) 
0 (SC11NO2) 22 3 515 86.4 0.70(0.20) 
a




 (the compliance value of J of our 
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instrument) while recording 20 J(V) scans. 
b





The yield is defined as the number of junctions minus the 
number of shorts divided by the number of junctions. 
d
The  log is the log-standard derivation. 
 
5.2.2.3 Average Monolayer Thickness for SC11Fc / SC11  
As briefly explained in the introduction, the proposed mechanism for the 
rectification of junctions with SC11Fc SAMs is summarized in the energy 
diagrams shown in Scheme 1. We based our conclusions on the simplified 
Simmons equation (eq.5.3), where the tunneling current J (A/cm
2
) depends 
exponentially on the width of tunneling barrier d, with J0 as the current density 
through the junction when d = 0,   ( -1) as the tunneling decay constant.4 For 
the mixed SAM system, at +1.0 V when direct tunneling happens, the width of 
the tunneling barrier is the average length of mixed SAM, dmix, while at -1.0 V 
when sequential tunneling happens, the width of tunneling barrier is the length 
of SC11,      . The resulting R can be estimated with eq. 5.4, where      and 
     are the decay constant through SC11 and mixed SAM respectively ( 
  , 
or per CH2), J0 and J0
’
 are the injection current when d = 0 for SCn and mixed 
SAMs respectively 
























                   (5.4) 
In our experiment it was found that for mixed SAM SC11Fc / SC11, R 
decays exponentially as the χFc,surf decreases. This is consistent with eq. 5.4, 
and with the knowledge of the R we can roughly estimate the width tunneling 
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barrier for the monolayers, i.e. dmix. To obtain dmix we assumed that for the 
same junction, J0 equals J0
’
 and      equals      (β is used for simplicity) 
and eq.5.4 was simplified to eq.5.5. Through this equation, first   = 0.69 was 
obtained for Fc,sol = 1 and we assume that it is the same for all the dilutions. 
And with the value of R at different Fc,sol we obtained dmix as listed in Table 
5.5. To compare, another method was used to estimate averaged monolayer 
thickness dmix
’
 from Fc,surf using eq. 5.5, with the known chain length of 
SC11Fc and SC11 (19.7   and 13   respectively according to CPK models 
17,27
). We assumed that the mixed monolayer is ideally packed with alkyl chain 
fully extended in an all-trans conformation. The calculated result is also listed 
in Table 5.5.                      
)1(137.19 ,,
'
surfFcsurfFcmixd                  (5.5) 
We consider dmix
’
 as theoretical average length for mixed SAM since no 
defects is considered, while dmix is the experimental average length. Fig. 2g 
plot the average length as a function of Fc,surf. It was found that dmix is about 1 
Å higher than dmix
’
, this indicates that the experimental tunneling barrier is 
wider than the theoretical average monolayer length. This indicates that the 
mixed SAM is well ordered with all trans alkyl chains and the SAM has less 
defects. For the 1 Å difference, it is important to know the calculation of dmix’ 
did not take the interface resistance into account, while for dmix, total 
resistance is considered that includes the resistance of SAMs and contacts. The 
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van der Waals contacts between Fc and EGaIn at least results in a 0.3 Å 
distance, and we do not know the value of the tunneling decay constant across 
van der Waals contacts is higher or lower than the βmix. For the pure SC11 
(χFc,sol = 0), the current is one order of magnitude higher than even χFc,sol = 0.1. 
This indicates that in the mixed SAM junction, the conduction is not 
dominated by SC11, but by SC11Fc, which has longer molecular length than 
SC11. This is probably due to the fact that when the Fc SAM becomes more 
dilute, but not totally isolated by SC11, EGaIn top-electrode is still in contact 
with Fc rather than SC10CH3 because of its high surface tension, thus resulting 
higher tunneling barrier than the average length estimated by surface ratio.  
 
Table 5.5: the average length of monolayers by two calculation methods 
Fc,sol χFc,surf
 
Method I (dmix’) Method II (dmix) 
1.0  0.98 19.7 19.7 
0.95 0.85 18.70 19.69 
0.9 0.82 18.49 19.16 
0.7 0.60 17.02 18.31 
0.5 0.51 16.41 17.86 
0.3 0.37 15.48 16.53 
0.1 0.10 13.67 15.78 
0 0 13.1 13.1 
 
5.3 Conclusions 
By controlling the concentration of the mixed solution, we are able to 
control the fraction of Fc on surfaces. With the utilization of cyclic 
voltammetry, quantitatively calculation of the Fc on the surface is possible; 
this makes the study of the charge transport through the mixed SAMs more 
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reliable. It was found that the rectification of the mixed SAMs of SC11Fc / 
SC10CH3 decays exponentially with the concentration of Fc on surface 
decreased, while for mixed SAM of SC11Fc / SC11NH2 and SC11Fc / SC11NO2, 
rectification drops drastically even for high Fc coverage (95%).  
With the variation of mixed SAM of SC11Fc / SC11X, we find that the 
dipole of –X increased the capacitive coupling between -Fc and -X that 
reduced the alkyl-alkyl interactions thus reduced the performances of the 
molecular diodes. For functional monolayers mixed with non-functional 
monolayers studied in large area junction, it is important to mix the two 
components with similar properties so as to maintain the original property of 
functional groups.   
 
5.4 Experimental Section 
5.4.1 Synthesis 
The 1-undecanethiol was purchased from Sigma-Aldrich, and purified by 
recrystallization from ethanol. HSC11Fc, HSC11NO2, and HSC11NH2 were 
synthesized according to previous reports.
6,48,49
 We confirmed the purity of the 
compounds by 
1
H NMR and GC/MS before starting the experiments. (see Fig. 









H NMR spectrum for HSC11NO2 in CDCl3 
 
5.4.2 AFM of AgTS and AuTS 




) with roughness 
in the range of 0.3 to 0.8 nm (over an area of 5.0   5.  μm2) to prepare 
SAMs. Fig. 5.10a shows the AFM image of the Au
TS
 with RMS roughness 0.8 
nm. And Fig. 5.10b shows the AFM image of the Ag
TS
 with RMS roughness 




 can be found in 
literature
6




Figure 5.10: a). The AFM image of Au
TS




5.4.3 SAM preparation 
We prepared 3.0 mM mixed ethanol solution of HSC11Fc and HSC10CH3 
with Fc,sol = 0, 0.10, 0.30, 0.50, 0.70, 0.90 or 1.00. Each time stock solutions 
of HSC11Fc and HSC10CH3 were prepared followed by mixing both with 
micropipette according to the mole fractions. The mixed solutions were purged 









were immersed in the same solution so as to 
ensure the same mole fraction on both surfaces. After 3 h formation time, the 
substrates were rinsed thoroughly with ethanol and blown to dryness with 
nitrogen. Besides, the same procedure was used when we prepared 3.0 mM 
mixed ethanol solution of SC11Fc / SC11NH2 with Fc,sol = 0.1, 0.3, 0.5, 0.9, 
0.95 and 3.0 mM mixed ethanol solution of SC11Fc / SC11NO2 with Fc,sol =  




We performed the electrochemical characterization of the SAMs with an 
AUTOLAB PGSTAT10, a customized built three-electrode setup with 
Ag/AgCl as the reference electrode, platinum as the counter electrode, a screw 
cap to hold the Au
TS
 working electrode (area exposed to the electrolyte is 0.33 
cm
2
). CV were recorded in 1.0 M aqueous HClO4, from -0.1 V to 0.9 V at 
scan rates of 1.0, 0.5, 0.2, 0.1 V/s.  
 
5.4.5 Junction measurement 
The SAM-based junctions were fabricated and to measure the 
current-voltage characteristics following previously reported procedures.
17,39,40
 
We grounded the Ag
TS
 bottom-electrode, and biased the GaOx/EGaIn 
top-electrode. For each junction 456-528 scans were recorded with each scan 
defined as 0 V  +1.0 V  0 V  -1.0 V  0 V. Three substrates are 
measured to obtain around 20 junctions for statistical analysis. Previously 
reported procedures were used to statistically analyze the data.
39
 Briefly, we 
first created the histogram of all the traces of |J| at each bias and apply a 
Gaussian fitting to the histogram with the nonlinear least squares fitting 
algorithm, which gives log-mean and log-standard derivation of the J at each 
bias. The similar approach is used to obtain the histogram, log-mean and 
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General Conclusions and Outlook 
 
This thesis describes the electrochemical and charge transport study of 
the head group effect across of mixed self-assembled monolayers. Mixed 
SAMs of non-substituted and substituted alkanethiolates mixed with Fc 
thiolates were used as model systems for the basic study of the monolayer 
structure and how the charge transport depends on the supramolecular 
structures of these SAMs and SAM-based molecular junctions. We examined 
the tunneling rate using “EGaIn” techniques, and a combination of AC and DC 
measurements to discriminate the contributions of the terminal groups from 
interface and molecular effects (Chapter 3). We investigated the 
electrochemical behavior of Fc SAMs through dilution with alkanethiols with 
various terminal groups and different chain lengths of the alkanthiols (Chapter 
4). With the knowledge of the effect of terminal group for the redox behavior 
of Fc, we choose several terminal groups as representatives to study the charge 
transport through these mixed SAMs in junctions (Chapter 5).  
Chapter 1 gives a general and basic introduction for this thesis and 
Chapter 2 provides an overview of the literature related to the structure and 
interfacial properties of simple and binary SAMs. The alkanethiols (SCn) 
forms densely packed SAMs with a hexangonal structure of (             
on gold for n > 9. When the alkanethiols are substituted with simple terminal 
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groups X, where X = OH, COOH, Br, CN etc., as long as the carbon chain 
length n is long enough (n > 9), these terminal groups are not large enough to 
disrupt the monolayer structure and van der Waals interactions between alkyl 
chains dominate. When the alkanethiols are substituted with larger functional 
group like Fc, which is one of the mostly studied redox groups, the monolayer 
is less densely packed and the surface coverage is roughly half compared with 
alkanethiols with same length. With the knowledge of these single component 
SAMs, mixed SAM raised attention due to the convenience of tuning the 
surface properties. Many researchers have devoted to investigate the structure 
of mixed SAMs and their properties, especially of Fc SAMs which have 
pronounced applications in electrochemistry and molecular electronics. The 
study of Fc mixed SAMs also provides as a model system for other 
functionalized SAMs. 
Chapter 3 compares the electronic properties of SAMs S(CH2)11X, where 





, –OH, –COOH were also invesitgated, and these termini do 
not affect the tunneling rates through the SAMs measured by DC methods in 
EGaIn junctions. We discovered that changing X from F to I, the tunneling 
rate increases three orders of magnitude in EGaIn junctions and temperature 
dependence measurements proved that the mechanism of charge transport is 
coherent tunneling. We attribute this increase in the observed tunneling rates 
to the increase of polarizability α from X = F to I. The contact angle (CA) and 
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impedance measurements confirm the role of the polarizability in our results. 
Impedance measurements show that the increase of tunneling rates is mainly 
attributed to the monolayer itself, and DFT calculations show that 
HOMO-LUMO gap for S(CH2)11X decreases from X = F to I, which is 
consistent with the decrease in SAM resistance measured by impedance 
spectroscopy and the increase in the value of α. We also observed that the 
contact resistance of the SAM//electrode interface decreases from X = F to I 
due to the increase of van der Waals interaction between the SAM and the top 
electrode as the polarizability increases from X = F to I. 
Chapter 4 describes the study of intermolecular interactions in SCn/SC11 
Fc mixed SAMs on ultra-flat gold electrodes and the influence of 
microenvironment studied by the electrochemical response of these SAMs. 
Cyclic voltammetry was utilized to monitor the electrochemical behavior and 
related the shape of the CV to the supramolecular structure of the SAMs in 
terms of intermolecular interactions between the two components. We 
investigated the electrochemical behavior of mixed SAM of SC11Fc / SCn, 
where n = 9-13, as well as mixed SAM SC11Fc / SCnOH, n = 9-13. Multipeaks 
were observed for SC11Fc / SCn system, and single peak were obtained for 
SC11Fc / SCnOH system except for n = 9. We found that with one to two 
carbon differences between the relative alkyl chain lengths of the two mixed 
components matters cause profound changes in the shapes of the CVs. As the 
intermolecular interaction is a crucial factor for the redox behavior of Fc, we 
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tried to relate our CV results to intermolecular interaction and supramolecular 
structure. The possible interactions between the monolayers are: Fc-Fc, Fc-Cn, 
Fc-X and Cn-Cn interactions. CVs of mixed SAMs of SC11Fc and SCnX, where 
X = CH3, C=C, Br, CN, NO2, OH, NH2, COOH were also studied. We 
observed multi-peaks for X = CH3, C=C and Br while single peak for X = CN, 
NO2, OH, NH2, COOH. The peak shapes and surface coverage differ as a 
function of X. The formal redox potential of the mixed SAMs varied with the 
terminal X group and the mol fraction of Fc in solution (χFc,sol). We believe 
that the dipole moment of X groups is the origin for the various 
electrochemical behaviors of the SAMs and the microenvironment of the Fc 
units. More specifically, the difference in Fc-Fc, Fc-Cn and Fc-X interactions 
and how they balance with each other to form the stable monolayer structure 
with the lowest energy result in structures with the Fc units in different 
electrochemical environments determining the shape of the observed CVs. 
With the above electrochemical study of Fc mixed SAMs, we continued 
to study the electronic behavior of Fc mixed SAM in molecular junctions. 
Chapter 5 focused on the charge transport study through mixed SAMs of 
SC11Fc / SC11 or SC11X, where X = NH2, NO2. SC11Fc SAMs have been 
proven to be good molecular diodes on Ag
TS
 surfaces with rectification ratio R 
100. It was found that for Fc mixed SAMs R decreases as the SC11Fc 
concentration in solution decreases, while when X = NH2, NO2, a drastic 
decrease in R was observed even with only 5% (mol fraction) of SC11X. We 
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propose that Fc-X interaction is an important factor for the decrease in R 
because of the capacitive coupling of Fc and X providing additional charge 
transport pathways causing large leakage currents and hence a reduction in R.  
One of the main purposes of this thesis is to study the influence of 
terminal groups on the interfacial properties. We found that SAMs with high-Z 
polarizable atoms as terminal group, e.g., iodine, led to extraordinary high 
values of CSAM and dielectric constant ε, both are key parameters in the design 
of organic semiconductors. Our results give further understanding of the 
influence of chemical functional groups on tunneling rate for molecular 
junctions. This finding will shed light on the possibility of tuning the 
electronic properties of devices at molecular scale in the molecular electronics 
area. Future molecular design for charge transport study will be facilitated and 
monolayers with high capacitance may be applied in organic semiconducting 
devices. 
Another purpose of this thesis is to study the intermolecular interactions 
between molecules formed monolayers. We found that the electrochemical 
behavior and charge transport of Fc mixed SAMs are all influenced by the 
intermolecular interactions. When the terminal groups are varied, the 
electronic coupling of terminal groups with Fc will significantly change the 
whole system. Ideal electrochemical behavior is even observed when the Fc 
coverage on surface is high, which can only be attributed to the interaction 
between terminal groups and Fc. With the addition of low concentration of 
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some terminal groups to Fc SAMs, the rectification decreases drastically 
which is due to the fact that with the addition of certain terminal groups the 
intermolecular interactions exist in Fc is interrupted. With these fundamental 
studies, we showed that the chosen of a proper diluent is very crucial. 
Nowadays, many researchers in the molecular electronic area are interested to 
study complicate functional groups, light or magnetic sensitive, which are 
always bulky. Mixed SAMs are the prior choice to form well ordered 
monolayers. There has been few studies about diluent effect on the electrical 
properties and our results imply that the diluent selected must not disturb the 
intermolecular interactions for the functional SAMs, otherwise, the properties 
of the functional group will be extinguished and eventually a failure from 
expectation. Our finding will facilitate numerous future studies in molecular 
electronic area. 











Anodic peaks fitting: 
 
Figure 1. The peak deconvolution and residual plots of the anodic peaks of mixed SAMs SC11Fc / SC11 A-L at 



















Table 1. Voltammetric parameters obtained from peak deconvolution for the anodic peaks of mixed SAMs 
SC11Fc / SC11 
χFc,sol 
Peak I (Gaussian fit)  Peak II (Lorentzian fit)  
R
2a
 Epa,I             
(mV) 
peak area  
(%) 
 
Epa,II             
(mV) 
peak area  
(%) 
 
0.05 333 70  456 30  0.992 
0.10 310 53  424 47  0.994 
0.20 298 55  380 45  0.998 
0.30 289 47  363 53  0.998 
0.40 291 69  353 31  0.998 
0.50 289 49  352 51  0.997 
0.60 288 42  349 58  0.997 
0.70 291 39  351 61  0.997 
0.80 284 35  337 65  0.997 
0.90 289 40  344 60  0.996 
0.95 310 62  398 38  0.998 










Figure 2. The peak deconvolution and residual plots of the anodic peaks of mixed SAMs SC11Fc / SC11OH A-L 
at χFc,sol = 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 1.00 respectively. 
Table 2. Voltammetric parameters obtained from peak deconvolution for the anodic peaks of mixed SAMs 
SC11Fc / SC11OH 
χFc,sol 
Peak I (Gaussian fit)  Peak II (Lorentzian fit)  
R
2
 Epa,I             
(mV) 
peak area  
(%) 
 
Epa,II             
(mV) 
peak area  
(%) 
 
0.05 193 100  - -  0.990 
0.10 189 100  - -  0.991 
0.20 206 100  - -  0.992 
0.30 249 100  - -  0.997 
0.40 273 100  - -  0.997 
0.50 283 92  398 8  0.998 
0.60 293 65  380 35  0.999 
0.70 301 49  383 51  0.997 
0.80 300 53  370 47  0.998 
0.90 302 46  382 54  0.996 
0.95 321 49  427 51  0.999 




Figure 3. The peak deconvolution and residual plots of the anodic peaks of mixed SAMs SC11Fc / SC10CN A-L 
at χFc,sol = 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 1.00 respectively. 
Table 3. Voltammetric parameters obtained from peak deconvolution for the anodic peaks of mixed SAMs 
SC11Fc / SC10CN 
χFc,sol 
Peak I (Gaussian fit)  Peak II (Lorentzian fit)  
R
2
 Epa,I             
(mV) 
peak area  
(%) 
 
Epa,II             
(mV) 
peak area  
(%) 
 
0.05 205 100  - -  0.990 
0.10 205 100  - -  0.991 
0.20 223 100  - -  0.999 
0.30 234 100  - -  0.999 
0.40 253 100  - -    0.996 
0.50 262 100  - -  0.992 
0.60 261 85  344 15  0.993 
0.70 275 71  362 29  0.999 
0.80 282 68  366 32  0.999 
0.90 291 57  368 43  0.999 
0.95 294 54  364 46  0.999 




Figure 4. The peak deconvolution and residual plots of the anodic peaks of mixed SAMs SC11Fc / SC11NO2 A-
L at χFc,sol = 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 1.00 respectively. 
Table 4. Voltammetric parameters obtained from peak deconvolution for the anodic peaks of mixed SAMs 
SC11Fc / SC11NO2 
χFc,sol 
Peak I (Gaussian fit)  Peak II (Lorentzian fit)  
R
2
 Epa,I             
(mV) 
peak area  
(%) 
 
Epa,II             
(mV) 
peak area  
(%) 
 
0.05 236 100  - -  0.990 
0.10 231 100  - -  0.991 
0.20 236 100  - -  0.998 
0.30 246 100  - -  0.993 
0.40 252 100  - -  0.998 
0.50 261 100  - -  0.994 
0.60 267 84  344 16  0.996 
0.70 272 78  352 22  0.999 
0.80 289 71  373 29  0.999 
0.90 300 69  383 31  0.999 
0.95 293 58  356 42  0.998 




Figure 5. The peak deconvolution and residual plots of the anodic peaks of mixed SAMs SC11Fc / SC10COOH 
A-L at χFc,sol = 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, 1.00 respectively. 
Table 5. Voltammetric parameters obtained from peak deconvolution for the anodic peaks of mixed SAMs 
SC11Fc / SC10COOH 
χFc,sol 
Peak I (Gaussian fit)  Peak II (Lorentzian fit)  
R
2
 Epa,I             
(mV) 
peak area  
(%) 
 
Epa,II             
(mV) 
peak area  
(%) 
 
0.05 157 100  - -  0.990 
0.10 169 100  - -  0.991 
0.20 209 100  - -  0.998 
0.30 227 100  - -  0.993 
0.40 241 90  345 10  0.998 
0.50 247 89  386 11  0.994 
0.60 255 80  333 20  0.996 
0.70 274 80  336 20  0.999 
0.80 296 63  367 37  0.999 
0.90 302 50  386 50  0.999 
0.95 289 48  351 52  0.998 
1.00 291 43  356 57  0.998 
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Mixed SAM SC11Fc / SCnX with same solution concentration: 
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